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The main objective of this research is to experimentally and numerically investigate 
the effects of salt conditions on the mechanical properties of single DNA molecules 
under tension.  In particular, the ionic effects of sodium and magnesium salt solutions 
on the first and second overstretching transitions are examined. 
 
Firstly, the elastic properties of DNA are studied by curve fitting of the experimental 
data with the extensible worm-like chain model, Odijk-Skolnick-Fixman theory and 
elastic moduli renormalization model.  The sodium and magnesium ionic effects on 
the persistence length, elastic stretch modulus and effective length per charge of DNA 
are studied.  The results show that when the ionic strength of sodium or magnesium 
salt solution increases, the persistence length and effective length per charge of DNA 
decreases while the elastic stretch modulus increases.    
 
Secondly, a three-dimensional model, namely the modified ZZO model, is proposed to 
investigate the ionic effects on the first overstretching transition of DNA.  In this 
model, bending deformation of DNA backbones, cooperativity of base-stacking 
interactions, electrostatic interactions and spatial effects of DNA double helix structure 
are all taken into account.  The electrostatic energy is explicitly given as a function of 
folding angle and ionic strength.  A new parameter is also introduced to account for 
the cooperativity of base-stacking interactions.  The results show that the first 
overstretching force is linear with the natural logarithm of ionic strength.   
 
Finally, using optical tweezers, the ionic effects on the second overstretching transition 
 viii
of DNA are experimentally studied.  The results show that the second overstretching 
transition force increases when the ionic strength increases.  The second 
overstretching transition curve is less pronounced for low ionic strengths than that for 
higher ones.  Following Cocco et al. (2004), the three-state Ising-like model is used to 
study the ionic effects on the second overstretching transition of DNA.  In this model, 
each base pair of DNA is assumed to take one of the three states, which are B-DNA, 
S-DNA and ssDNA.  The proportions of each state during the transition suggest that 
S-DNA is not one or two unrelated ssDNA but essentially a double-strand DNA with 
some unpeeled parts and melted base pairs.  Furthermore, the kinetic model based on 
this three-state Ising-like model is applied to study the effects of DNA sequence and 
stretching speed on the second overstretching transition.  The results show that the 
second overstretching transition force increases when the stretching speed increases.  
Because the ssDNA free energy or the free energy of stacking interaction of AT-rich 
DNA is much lower than that of GC-rich DNA, the second overstretching transition is 
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Deoxyribonucleic Acid (DNA) is the prime genetic molecule in all cellular life forms, 
as well as in many viruses.  In this chapter, the double helix structure of DNA is 
introduced.  Based on this special structure, studies of DNA micromechanics, 
especially the mechanical properties of DNA under tension, are reviewed.  Finally, 
the objectives, scope and significance of this research are presented.  
 
1.1 DNA Structure 
 
Since 1869 when Fritz Miescher first discovered DNA, much research work has been 
performed to reveal the structure of DNA (Olby, 2003).  For example, in 1919 
Phoebus Aaron Levene proposed the “tetranucleotide” structure of DNA.  In 1944, 
Avery et al. established the chemical identity of Griffith’s transforming principle for 
DNA and suggested that DNA was in fact the genetic material.  In 1949, Erwin 
Chargaff proposed that the ratio between the quantities of adenine and thymine and 
that between the quantities of guanine and cytosine remained one to one for various 
DNA molecules.  In 1952, Franklin et al. produced a magnificent X-ray diffraction 
pattern of B-DNA.  Most significantly, in 1953 James D. Watson and Francis H. C. 
Crick discovered the double helix structure of DNA, which indicated that all genes had 
roughly the same three-dimensional form and their differences resided in the order and 
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number of the nucleotide building blocks along the complementary double chains.  
This discovery is viewed as a significant milestone in modern molecular biology.   
 
The fundamental building block of DNA double helix structure is nucleotide, which 
consists of a negatively charged phosphate joined to a sugar (2’-deoxyribose), to which 
a base is attached (See Figure 1.1).  Nucleotides are connected to each other in 
polynucleotide chains through the 3'-hydroxyl of 2'-deoxyribose of one nucleotide and 
the phosphate attached to the 5'-hydroxyl of another nucleotide.  This is a 
phosphodiester linkage in which the phosphoryl group between the two nucleotides has 
one sugar esterified to it through a 3'-hydroxyl and a second sugar esterified to it 
through a 5'-hydroxyl.  As shown in Figure 1.1, phosphodiester linkages create the 
regularly repeating sugar-phosphate backbone of the polynucleotide chain of DNA 
(Watson, 2004).   
 
There are two kinds of bases in DNA, purines and pyrimidines.  The purines include 
adenine (A) and guanine (G), and pyrimidines include cytosine (C) and thymine (T).  
Their composition is governed by the Chargaff’s Rules, which describes that DNA has 
equal numbers of adenine and thymine residues (A-T) and equal numbers of guanine 
and cytosine residues (G-C).  Adenine is always paired with thymine on the other 
chain and, likewise, guanine is always paired with cytosine.  Such pairing results in a 
complementary relationship between the sequences of bases on the two intertwined 
chains and gives DNA self-encoding character.  As shown in Figure 1.1, the A-T base 
pairs can form two hydrogen bonds and the G-C base pairs can form three hydrogen 
bonds, which is the main reason for the sequence-dependent properties of DNA 
(Schleif, 1993).  The steric structure of DNA double helix is composed of two 
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Figure 1.1 Primary structure of DNA. (The image is reproduced from 
www.genome.gov/Pages/Hyperion/DIR/VIP/Glossary/Illustration/Pdf/nucleotide.pdf) 
 
polynucleotide chains, which are held together by the weak, non-covalent bonds 
between base pairs.  The two strands have the same helical geometry but base pairing 
holds them together with opposite polarity, i.e. the base at the 5' end of one strand is 
paired with the base at the 3' end of the other strand (Karp, 1996) (See Figure 1.2).  
The bases are flat, relatively water-insoluble molecules, and they tend to stack neatly 
on top of each other roughly perpendicular to the direction of the helical axis.  As a 
result of the double-helical structure of two strands, DNA forms two grooves that are 
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Figure 1.2 Double helix structure of B-DNA (Karp, 1996). 
 
and major groove, are quite important to many biological functions of DNA, such as 
DNA binding with proteins.   
 
According to the base composition, environmental conditions, and the presence of 
other molecules that interact with DNA, the double helix structure can present various 
forms, such as B-DNA, A-DNA, S-DNA, P-DNA and Z-DNA.  As shown in Figure 
1.2, B-DNA has a right-handed double helix structure, which is first deduced from 
X-ray diffraction analyses of the sodium salt of DNA at 92% relative humidity.  In 
B-DNA, the two polynucleotide strands wind around a common axis to form a 
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~2nm-diameter double helix.  Each helix is right-handed with about 10.5 base pairs 
(bp) per turn.  Since the aromatic bases have van der Waals distance of 3.4 Å and are 
partially stacked on each other, the helix has a pitch of 34 Å.  When the relative 
humidity is reduced to 75%, another right-handed form of DNA called A-DNA 
emerges.  B-DNA can also turn into S-DNA under high tension (Cluzel et al., 1996; 
Smith et al., 1996) and P-DNA under high torque (Allemand et al., 1998).  The 
peculiar left-handed double helix structure, termed Z-DNA for its zigzag design, was 
discovered in the 1970s in G-C polymers at high ionic strengths (Saenger 1984).  
Besides these canonical forms of DNA, there are also some DNA forms with numerous 
variations in polynucleotide structures such as duplexes, triplexes, quadruplexes etc 
(Frank-Kamenetskii, 1997).  Among all the forms of DNA, B-DNA is thought to be 
the dominant form of DNA under physiological conditions.  Many of biological 
functions of DNA, such as DNA and RNA polymerase interaction, are related to the 
micromechanics of B-DNA under tension.  The micromechanics of B-DNA and its 
extended form S-DNA will be investigated in this research. 
 
1.2 DNA Micromechanics 
1.2.1 Introduction of DNA Micromechanics 
 
DNA micromechanics have vital biological significance.  For example, during DNA 
replication, the hydrogen bonds between the complementary DNA bases are broken in 
order to separate the two backbones, which require an unwinding of the double helix.  
The bending and twisting rigidities of DNA can affect its supercoiling property (Strick 
et al., 1996).  The protein RecA can polymerize along DNA and extend it to 1.5 times 
as compared with B-DNA (Nishinaka et al., 1997 and Allemand et al., 1998).  
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Moreover, a long circular DNA chain can wrap tightly onto histone proteins and be 
severely bent during the process of chromosome condensation in prophase of the cell 
cycle.  Luger et al. (1997) showed that the DNA with 146 bps was wrapped around 
the histone octamer in 1.65 turns of a flat, left-handed superhelix.  It is also possible 
that the transition from B-DNA to S-DNA is biologically significant in terms of 
accessing the information contained in the DNA code (Austin et al., 1997). 
 
DNA micromechanics are related to many interactions such as hydrogen bond, base 
stacking interaction, van der Waals interaction, and electrostatic interaction.  The 
hydrogen bond between the base pairs contributes to the specificity and stability of 
base pairing.  Because the different numbers of hydrogen bond in G-C and A-T base 
pairs, the mechanical properties of DNA are dependent on the base pair sequence.  
The base stacking interaction is also significant to the stability of the double helix.  
The reason is that the relatively water-insoluble bases tend to stack above each other 
roughly perpendicular to the direction of the helical axis so as to obtain larger entropy.  
Electron cloud interaction ( )ππ −  between bases in the helical stacks is helpful to 
stabilize the double helix.  Although the van der Waals interaction is very weak, many 
of these interactions cooperated with the base stacking may be of great benefit to the 
stability of DNA.  Moreover, because the cations in the solution can affect the 
electrostatic repulsions between neighboring phosphate groups on the double strands, 
the electrostatic interaction between the negatively charged phosphate groups of DNA 
and the cations in the solution is another important factor for the stability of DNA.   
 
With the development of modern techniques such as optical tweezers (optical trap or 
laser trap), magnetic tweezers, and atomic force microscope (AFM), DNA 
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micromechanics can be investigated at single molecule level by applying forces large 
enough to induce molecular deformation.  For example, single DNA molecules under 
high tensile or torsional stress can be transferred to new phases which may be relevant 
to the DNA deformation during cellular process.  The force-induced unzipping of 
single DNA molecules may be helpful to speed up the sequencing of the nucleotides 
that encode its genetic blueprint.  DNA looping is related to the functions of 
chromosome.  All these studies undoubtedly improve our understanding of the 
relations of structure, micromechanics and biological functions of DNA.  The details 
of modern techniques used to study the mechanical properties of DNA will be 
introduced in the next chapter. 
 
In the studies of DNA micromechanics under tension, torsion, unzipping and 
interaction with proteins, the mechanical properties of DNA under tension are always 
involved.  For example, the twisted or supercoiled DNA is usually accompanied with 
extension.  There is also an extension of DNA during the force-induced unzipping.  
The RNA polymerase and DNA complex have been stretched to study the mechanical 
properties related to the transcription of DNA into messenger RNA (Yin et al., 1995; 
Wang et al., 1998).  Therefore, this thesis will focus on the DNA micromechanics 
under tension. 
 
1.2.2 Studies of DNA Micromechanics under Tension 
 
The typical conformation transition of DNA under tension is shown in Figure 1.3. 
When DNA is stretched by an external force, the molecule will undergo five regimes: 
entropic elasticity regime, intrinsic elasticity regime, the first overstretching transition, 
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Figure 1.3 Schematic diagram of DNA conformation transition under tension. 
 
the second overstretching transition and structural collapse (Bustamante et al., 1994; 
Smith et al., 1996; Cluzel et al., 1996; Bustamante et al., 2000; Bustamante et al., 2003; 
Clausen-Schaumann et al., 2000).   
  
Because DNA micromechanics are very important to many biological functions, 
numerous experimental and numerical studies have been performed in recent years.  
Smith et al. (1992) stretched single DNA molecules in solutions with different sodium 
ionic strengths using magnetic beads and studied the ionic effects on the persistence 
length of DNA under elastic regimes.  When the stretching force is very low 
( 10≤f pN), DNA is mainly controlled by the entropic elasticity regime.  When the 
Structural collapse 
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force is above 10 pN, the chemical structure of DNA is altered and the elastic response 
is not merely entropic.  The molecule behaved as a stretchable solid.  This phase is 
called the intrinsic elasticity regime. 
 
In 1996, two groups succeeded in investigating the first overstretching transition of 
DNA.  Cluzel et al. (1996) attached a λ-DNA molecule between a narrow glass fiber 
and a polystyrene microbead.  The glass fiber served as a force transducer and DNA 
was pulled when the microbead was moved using a micropipette mounted on a 
piezoelectric stage.  Smith et al. (1996) used an optical tweezers to pull a λ-DNA 
molecule.  Both groups found that the molecule can be elastically stretched to its 
contour length.  However, at a certain force, a plateau appears in the force versus 
extension curve and the first overstretching transition, also called B-S transition, 
occurs.  This transition was interpreted as a cooperative phase transition leading to 
another conformation of DNA, which was called S-DNA by Cluzel et al.  S-DNA is 
about 1.7 times of B-DNA contour length.   
 
Beyond B-S transition, further extension will lead to a rapid increase of force.  Rief et 
al. (1999) used AFM to apply high forces on single DNA molecules.  They found that 
after the first overstretching transition, there was also another transition, namely the 
second overstretching transition, which was dependent on the stretching speed, 
solution conditions, and DNA sequence.   
 
When the force is further increased, it would result in the breakage of covalent bonds 
on the DNA backbone.  There are different results of the broken force.  Single DNA 
molecules can be broken with a receding water meniscus at forces estimated to be 960 
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pN (Bensimon et al., 1995).  Short DNA can even sustain forces over 1700 pN when 
it is pulled with an AFM tip (Lee et al., 1994).  In 1999, Grandbois et al. gave the 
covalent bond strength of approximately 1000 pN using AFM on polysaccharide 
molecules in water. 
 
How does the conformation of DNA structure change during the transitions? What is 
the real structure of S-DNA? Many numerical models have been proposed.  These 
models can be classified into two types according to whether the effect of salt 
conditions on DNA behavior is considered or not.   
 
Freely jointed chain model (FJC) and worm-like chain (WLC) model have been 
applied to investigate the behavior of DNA in the entropic elasticity regime and 
intrinsic elasticity regime under low forces.  Smith et al. (1992) firstly compared the 
experimental force versus extension curves with FJC model.  Later, Bustamante et al. 
(1994) interpreted the experimental data in terms of inextensible WLC model.  The 
agreement between the numerical results and experimental data shows that 
inextensible WLC model is better to study the mechanical properties of DNA under 
entropic elasticity regime than FJC model.  When the force exceeds ~10 pN, DNA 
increases in length and the inextensible WLC model does not be applied.  The 
intrinsic stretching elasticity should be added to the WLC model and the extensible 
WLC model was then proposed to describe the intrinsic elasticity regime of DNA 
(Odijk, 1995; Marko et al., 1995).  
 
Although the extensible WLC model can explain the elastic behavior of DNA very 
well, it is inapplicable to the overstretching transitions.  Using molecular modeling 
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program “Junction Minimisation of Nucleic Acids”, Lebrun et al. (1996) showed that 
B-DNA can be stretched to roughly two times of its original length by base pair 
reorientation and S-DNA has highly tilted base pairs.  However, this titled base-pair 
S-DNA structure is only a theoretical result, and not proven by any experiment.  
Based on the different mechanical properties of B-DNA and S-DNA, two-state 
numerical models have been proposed to describe the first overstretching transition 
(Cluzel et al., 1996; Ahsan et al., 1998; Cizeau et al., 1997; Storm et al., 2003a, b).  
As a generalization of two-state model, a simple one-dimensional statistical 
mechanical lattice model was presented to study the structural transitions of DNA 
driven by external force and torque (Léger et al., 1999; Sarkar et al., 2001).  Five 
DNA states including B-DNA, S-DNA, P-DNA, Z-DNA and sc-P-DNA can be 
accessed under different external forces and twisting using this model.  Furthermore, 
an extensible WLC model with stretch-twist coupling was proposed by Marko (1997, 
1998) to describe the first overstretching transition not only under tension but also 
under twisting.  All these numerical models are one-dimensional models which 
simplify the three-dimensional spatial double helix structure of DNA to 
one-dimensional polymer.  In order to consider the effect of spatial DNA structure, 
Zhou et al. (2000a, b) proposed a three-dimensional model (referred as ZZO model), in 
which a structural parameter called folding angle was introduced.  This model can 
give good explanations on the effects of spatial structure of DNA, base-stacking 
interaction and van der Waals force on the first overstretching transition.   
 
Nevertheless, most of the above models are not dependent on the salt conditions.  
Because DNA molecules have negatively charged phosphate groups along the double 
helix, the mechanical properties of DNA are sensitive to the solution conditions.  
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Some experiments and numerical models have been developed to investigate the ionic 
effects on DNA micromechanics (Vologodskii, 1994; Marko et al., 1995; Smith et al., 
1996; Baumann et al., 1997; Wenner et al., 2002; Rouzina et al., 1999a, b and 2001a, b; 
Podgornik et al., 2000; Cocco et al., 2004; Punkkinen et al., 2005).  The experimental 
results from the studies of Smith et al., Baumann et al. and Wenner et al. show that 
DNA elasticity and the first overstretching transition are dependent on the sodium ion 
concentrations.  Except for sodium cations, magnesium cations also have great effects 
on the biological functions of DNA.  Magnesium is important to maintain stable DNA 
structure and it is an essential cofactor in almost all enzyme systems involved in the 
processing of DNA. Without sufficient magnesium, DNA synthesis becomes sluggish.  
However, few researches have been performed to study the magnesium ionic effects on 
DNA micromechanics.  Although Baumann et al. give the experimental data for the 
elastic properties of DNA in 100 µM MgCl2 solution.  They have not shown how the 
different magnesium salt concentrations affect the mechanical properties of DNA.  
Therefore, the effects of magnesium salt solutions on the elastic properties and the first 
overstretching transition of DNA will be investigated for the first time in this research.   
 
Besides the first overstretching transition from B-DNA to S-DNA shown in Figure 1.3, 
Rief et al. (1999) and Clausen-Schaumann et al. (2000) experimentally found that the 
second overstretching transition is dependent on the velocity of stretching forces and 
DNA sequences.  Cocco et al. (2004) proposed a three-state Ising-like model which 
predicts the “force-salt phase diagram” to show that the second overstretching 
transition is also dependent on the ionic strength.   Experimental studies are needed 
to verify the effects of ionic strengths on the second overstretching transition.   
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1.3 Objective and Scope of This Study 
 
The main objective of this study is to experimentally and numerically investigate the 
effects of salt conditions on DNA micromechanics under tension, especially the first 
and second overstretching transition forces.  Although there are many kinds of cations 
around DNA in the physiological conditions, this research only focused on two 
particularly important ones, sodium and magnesium ions.  More specifically, this 
research covers the following scopes. 
1. Using optical tweezers the mechanical properties of single λ-DNA molecules 
under stretching forces are studied in sodium and magnesium salt solutions 
with different ionic strengths.  This study is the first experiment to show the 
magnesium ionic effects on DNA elastic properties and overstretching 
transitions under tension.  The experimental results for the sodium ionic 
effects on DNA micromechanics can essentially confirm with the previous 
studies by Wenner et al. (2002).   
2. The ionic effects of sodium and magnesium salt solutions on the elastic 
properties of single λ-DNA molecules are examined using the extensible WLC 
model, Odijk-Skolnick-Fixman (OSF) theory and elastic moduli renor- 
malization model. 
3. A three-dimensional model based on the ZZO model, which includes the effects 
of the spatial structure of DNA double helix, base-stacking interactions and 
electrostatic interactions, is constructed to investigate the ionic effects on the 
first overstretching transition of single λ-DNA molecules.   
4. Following Cocco et al. (2004), the three-state Ising-like model is used to study 
our experimental data of the ionic effects on the second overstretching 
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transitions of single λ-DNA molecules.  The kinetic three-state Ising-like 
model is also applied to study the dependence of DNA sequence and stretching 
speed on the second overstretching transition of DNA. 
 
This research is expected to enhance our understanding and modeling capability on the 
effects of salt conditions on DNA behavior in some biological functions, such as DNA 
wrapping around histones, packing into chromosomes, bending upon interaction with 
proteins and looping to connect enhancer and promoter regions.   
 
1.4 Organization of Thesis 
 
In Chapter 2, the literature review of experimental and numerical researches for the 
mechanical properties of single DNA molecules under stretching forces is explored.  
The advantages and disadvantages of three main micromanipulation methods for 
stretching single DNA molecules are discussed.  In addition, the numerical models for 
stretching single DNA molecules are also reviewed.   
 
In Chapter 3, the optical tweezers setup used in this research is introduced.  The 
principles of optical tweezers, force calibration method, and detailed protocol for 
sample preparation are also described in this chapter. 
 
In Chapter 4, the ionic effects on the elastic properties of DNA are investigated using 
extensible WLC model, OSF theory and elastic moduli renormalization model.  The 
ionic effects of sodium and magnesium salt solutions on the persistence length, elastic 
stretch modulus, and effective length per charge of DNA are studied.  
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In Chapter 5, the effects of ionic strength on the first overstretching transition of single 
DNA molecules are experimentally and numerically studied.  The modified ZZO 
model is proposed to study the electrostatic contribution of sodium and magnesium 
cations to the first overstretching transition force. 
 
In Chapter 6, the ionic effects of NaCl solutions on the second overstretching transition 
of single DNA molecules are experimentally investigated.  Following Cocco et al. 
2004, the three-state Ising-like model is used to study the mechanical properties of 
DNA during this transition.  The effects of DNA sequence and stretching speed on the 
second overstretching transition are also studied by the kinetic three-state Ising-like 
model.  
 
In Chapter 7, the main findings in this research are summarized.  Some suggestions 


















This chapter provides a literature review of recent experimental and numerical studies 
on DNA micromechanics under external forces.  Three experimental techniques, i.e. 
optical tweezers, magnetic tweezers and atomic force microscopy (AFM), for DNA 
manipulation are reviewed here.  Numerical models to study the mechanical 
properties of DNA and the effect of solution conditions are also discussed.   
 
2.1 Experimental Methods for DNA Manipulation 
 
Many bulk methods, such as light scattering, sedimentation velocity, viscometry, 
electro optics and ligase-catalyzed cyclization, have been used to investigate the 
mechanical properties of DNA molecules (Hagerman, 1988).  However, the 
mechanical properties given by these bulk methods are only average values for many 
DNA molecules.  In contrast to the bulk methods, single-molecule experiments can 
afford an opportunity to directly determine the mechanical properties of individual 
molecule and discover new structural transitions induced by mechanical stresses 
(Bryant et al., 2003).  In the last decade, many experimental methods have emerged 
to manipulate single molecules, such as AFM (Florin et al., 1994), microfibers 
(Ishijima et al., 1991 and Cluzel et al., 1996), optical tweezers and magnetic tweezers 
(Simmons et al., 1996; Amblard et al., 1996; Strick et al., 1996 and Smith et al., 1996), 
hydrodynamic drag (Smith et al., 1992) and biomembrane force probes (Evans et al., 
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1995).  Among these methods, optical tweezers, magnetic tweezers and AFM are 
often used for DNA micromanipulation, in which a DNA molecule is first anchored to 
a surface at one end and to a force sensor at the other end.  The force sensor is 
usually a trapped micrometer-sized bead or a cantilever (Lavery et al., 2002).  The 
underlying principles and applicability of these three methods are now briefly 
discussed as follows. 
 
Optical tweezers is a powerful experimental technique for the non-intrusive 
manipulation of micrometer-sized biological objects by a focused laser light.  Like a 
dipole attracted by a high electric field, a bead with a permittivity higher than its 
surroundings can be trapped at the focal point of a focused laser beam (Figure 2.1 A).  
This technique can be used to determine the effects of tension and also torsion on 
single DNA molecules quantitatively (Bryant et al., 2003).  Instead of measuring the 
optical traps directly, the force acting on the bead, which is usually several hundred 
piconewtons, can be determined by calibrating the optical trap stiffness and the 
displacement of the trapping beam.  The principles of optical tweezers and force 
calibration methods will be introduced in more details in Chapter 3.   
 
Magnetic tweezers is a convenient tool to twist and stretch DNA (Strick et al., 1996).  
In the conventional manipulation, one end of a single DNA molecule is bound to a 
surface and the other end is bound to a paramagnet bead (1 ─ 4.5 μm in diameter) 
(Figure 2.1 B).  Small magnets, whose position and rotation can be controlled, are 
used to pull and rotate the bead and thus stretch and twist the DNA molecule.  
However, for the conventional magnetic tweezers, the largest force for 2.8 µm 
diameter bead is usually less than 40 pN.  Recently, using a very small, permanent  
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Figure 2.1 Scheme diagrams of DNA micromanipulations: (A) optical tweezers; (B) 
magnetic tweezers; (C) AFM (Lavery et al., 2002). 
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magnet as close as 10 µm to the bead, the near-field-magnetic- tweezers developed by 
Yan et al. (2004) can generate forces in excess of 200 pN in the focus plane.  
 
Unlike traditional microscope based methods such as optical tweezers and magnetic 
tweezers, AFM does not use lenses.  Thus, the probe size rather than diffraction 
effects generally limit its resolution.  AFM can image sample elasticity by pressing 
the tip into the sample and measuring the deflection of cantilever (Binnig et al., 1986 
and Rugar et al., 1990) (Figure 2.1 C).  This technique has sensitive detection and 
can provide very large force (nanonewtons) so that it can be used to measure the 
mechanical properties of DNA under very high forces.  For example, Reif et al. 
(1999) and Clausen-Schaumann et al. (2000) used AFM to study DNA mechanics 
under forces of up to 800 pN. 
 
Typically the magnetic tweezers can apply the force of more than 200 pN, and the 
force applied by optical tweezers is up to several hundred piconewtons, while AFM 
can apply much higher forces of up to nanonewtons.  Magnetic tweezers is more 
convenient to generate a constant force and twist the molecules than the other 
manipulation methods.  In this thesis, the aim of experiments is to investigate DNA 
behaviors under tension, in which the force applied is less than 200 pN.  All the three 
techniques can be used, while optical tweezers is chosen because it is an easy and 
non-intrusive manipulation which is not in direct contact with the sample. 
 
2.2 Numerical Models for DNA Micromechanics under Tension 
 
In order to study DNA micromechanics, the double helix structure of DNA is always 
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simplified to some conformational structures such as the elastic rod model, discrete 
WLC model, three-dimensional model, and polyelectrolyte model.  In this section, 
the conformational structures of DNA are introduced first.  Based on these structures, 
numerical models to investigate DNA micromechanics under tension are discussed, 
for example the FJC model, WLC model, state transition model, and ZZO model.  
FJC model and WLC model are usually applied to the elastic behavior of DNA.  
Most of the other numerical models are usually constructed based on the FJC or WLC 
model.  Because the negatively charged structure of DNA is greatly affected by 
surrounding environment, some solution condition dependent models are also 
reviewed in this section. 
 
2.2.1 Conformational Structures of DNA 
 
In the elastic regime, DNA behaves as an ideal polymer chain.  Because DNA 
consists of two polymer strands, it has high bending rigidity, which is associated with 
the accumulation of small changes of angles between adjacent base pairs.  Thus, as 
shown in Figure 2.2 A, DNA can be modeled using the elastic rod model which treats 
DNA as an isotropic elastic rod (Frank-Kamenetskii, 1997).  In this model, DNA is 
described by three parameters: bending rigidity, torsional rigidity and effective 
diameter.   
 
In Figure 2.2 B, the elastic rod model is modified into WLC model, which includes 
the discrete WLC model (Frank- Kamenetskii et al., 1985) and the continuum WLC 
model (Bustamante et al., 1994; Marko et al., 1995).  WLC model is very useful for 
analyzing mechanical properties of single DNA molecules in both the elastic regime 
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and overstretching transitions (Bustamante et al., 1994; Marko et al., 1995, 1997, 
1998; Frank- Kamenetskii et al., 1985; Cluzel et al., 1996; Cocco et al., 2004). 
 
As shown in Figure 2.2 C, the ZZO model (Zhou et al., 2000a, b) is an elegant one to 
describe the mechanical properties of DNA.  The two backbones are regarded as two 
worm-like chains.  This three-dimensional model is closely related to the actual 
structure of DNA.  This model can simulate both the first overstretching transition 




Figure 2.2 Conformational structures of DNA: (A) elastic rod model; (B) WLC model; 
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DNA is a negatively charged polymer in which each base pair carries two elementary 
negative charges.  The negative charges can attract cations from the solution, thereby 
creating a positively cloud around the DNA chains.  Because of the strong 
interactions between DNA charges and the surrounding cation cloud, many important 
properties of DNA are dependent on the salt conditions.  As shown in Figure 2.2 D, 
DNA is treated as a uniformly charged cylinder with cations around it.  Note that 
although DNA has major groove and minor groove and is not exactly a cylinder, the 
polyelectrolyte model still assumes DNA as a smooth cylinder in order to simplify the 
calculation.  Some theories, such as the Manning condensation theory (Manning 
1969, 1972, 1979) and Poisson-Boltzmann equation (Rice et al., 1961), can be applied 
to investigate the DNA polyelectrolyte properties.   
 
2.2.2 Numerical Models for Elastic Behavior of DNA 
 
At equilibrium conditions, DNA has a randomly coiled conformation and the 
molecule is in the entropic regime.  When it is stretched, the molecule reacts by 
exerting a force that resists the separation.  The molecule is then in the enthalpic 
regime.  FJC model and WLC model are often used to explain the elastic behavior of 
DNA under tension before the first overstretching transition. 
 
2.2.2.1 FJC Model  
 
In this model, DNA is represented as a chain consisting of N segments of unitarily 
inextensible length b  (the Kuhn length NLb /= , where L  is the contour length 
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of DNA.).  The orientation of one segment is completely independent of its 
neighbor’s.  The configuration of the chain is determined by the ensemble of the 
segments with different orientations represented by angles iθ .  Under a stretching 








cosθ .                        (2.1) 
























,      (2.2) 
where β  is a proportional constant given by Cantor et al. (1980), Bk  is the 
Boltzmann constant and T  is the absolute temperature.   
 
When f  is less than 0.1 pN, FJC model can match experimental results (Smith et al., 
1992).  However, for f  larger than 0.1 pN, FJC model may fail because it neglects 
the bending fluctuation and extensibility of DNA.   
 
2.2.2.2 WLC Model  
 
A much better description of the elastic behavior of DNA in its entropic regime is the 
inextensible WLC model, which is based on the Lagrangian function (Fixman et al., 
1973).  In this model, the molecule is able to bend continuously, rather than at a 
limited number of discrete points.  Therefore, the force derived using the WLC 
model diverges less than that for the FJC model.  This model describes a DNA 
molecule as a semi-flexible polymer chain that curves smoothly as a result of thermal 
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fluctuations.  It characterizes DNA using a single parameter, the persistence length 
A  which is the distance over which two segments of the chain remain directionally 










,                     (2.3) 
where t  is the tangential vector of the central axis and s  is the arc length along the 
backbone.  The first term of the above equation is the bending energy, while the 
second one is the energy generated by the applied force.  An approximate 
interpolation formula of the relationship of force vs. extension is given as follows 










.                     (2.4) 
For a single λ-DNA molecule with an applied force pNf 10≤ , the relationship of 
force and extension can be represented accurately by this model.   
 
However, when the force is applied further but still before the first overstretching 
transition, the length of DNA is increased greatly.  Because of the inextensible 
assumption in the WLC model, Eq. (2.4) implies that the force becomes infinitely 
large as x  equals to L , which is unrealistic.  Therefore, the extensible WLC model 








11 ,                       (2.5) 
where S is the elastic stretch modulus.  The second term of this equation describes 
the extension of DNA, which comes from enthalpy.   
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2.2.3 Models for overstretching transitions of DNA 
 
Experiments show that when the applied stretching force reaches about 65 pN (for 
150 mM NaCl solution with pH = 7 at room temperature), DNA may undergo the first 
overstretching transition from B-DNA to S-DNA and followed by the second 
overstretching transition (Smith et al., 1996; Cluzel et al., 1996; Rief et al., 1999).  
However, FJC model and WLC model are not suitable to simulate these phase 
transitions.  Therefore, the state transition models and ZZO model have been 
proposed to study the mechanical properties of DNA during overstretching transitions.   
 
2.2.3.1 State Transition Models 
 
In order to simulate the first overstretching transition, Cluzel et al. (1996) proposed a 
two-state Ising model, which represents DNA as a chain of elements with two states: a 
short one with length of B-DNA and a long one with length of S-DNA.  There is an 
energy difference between these two states.  The parameter of the nearest neighbor 
interaction between adjacent B and S elements is given to determine the energy for 
inserting an S-form element within a B-form section.  This two-state model is used 
to measure the cooperativity of B-S transition where DNA molecule is stretched at 
almost constant force.  However, this model does not include the effects of chain 
flexibility and thus fail in simulating the behavior of DNA before the first 
overstretching transition. 
 
Cizeau et al. (1997) proposed a two-state model in which the elastic modulus of B 
state and S state are different.  In this model, the bending and stretching elasticity of 
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the DNA chain are assumed to depend only on the proportions of different states.  
Hence, the extension of DNA is given based on the contributions of both B and S 
states.  Based on the same idea, Storm et al. (2003) proposed an extensile discrete 
persistent chain (EDPC) model, which borrows the features from both the FJC and the 
WLC models.  The nature of either B-DNA or S-DNA in this model is allowed to 
have arbitrary bending and stretching stiffness so that there is no unknown potential 
function to be chosen. Ahsan et al. (1998) also developed a two-state WLC model, 
which allows for an internal B-form to S-form transformation.  Even though the 
numerical results of this model agree with the experimental data, this model has the 
defect that both B- and S- states are assumed to have the same bending stiffness as 
B-DNA.   
 
Leger et al. (1999) and Sarkar et al. (2001) modified Cluzel et al.’s model by taking 
into account the fixed twisting constraint and the local harmonic fluctuations of twist 
density and extension about their equilibrium values.  The main contribution of this 
model is that it reports the transitions of B-DNA and other four states of DNA under 
stretching and twisting forces, which are S-DNA, Z-DNA, supercoiled P-DNA and 
plectonemically supercoiled sc-P-DNA.   
 
All the above models assume the base pairs remain paired during the first 
overstretching transition and the transition is reversible (Smith et al., 1996 and Lebrun 
et al., 1996).  However, recent experiments have revealed that there is melting of 
base pairs in the extension process and hysteresis during the relaxation process 
(Bustamante et al., 1994; Williams et al., 2001 and 2002; Wenner et al., 2002).  
Rouzina et al. (1999a, b and 2001a, b) proposed a simple model in which S-DNA is 
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viewed as a melted molecule.  This model can match the experimental data and 
explain the hysteresis phenomena of DNA during the relaxation process.   
 
Recently, Cocco et al. (2004) indicated that the possibility that S-DNA is simply 
single-stranded DNA is ruled out.  They proposed a three-state Ising-like model 
which assumed that DNA may take B-form, S-form, or single-strand form structure 
during the transition.  This model can be used to simulate both the first and the 
second overstretching transitions of DNA.   
 
All of the above models are one-dimensional models which simplify the spatial 
double helix structure of DNA to a one-dimensional polymer.  The numerical results 
of these models can match the experimental data under certain conditions.  Different 
from these one-dimensional models, a three-dimensional model, namely ZZO model, 
was proposed by Zhou et al. (2000a, b), which is more closely related to the actual 
structure of DNA.   
 
2.2.3.2 ZZO Model 
 
Based on bending and base-stacking interactions, ZZO model provides a unified 
framework to systematically and quantitatively understand DNA mechanical 
properties under external forces (Zhou et al., 2000a, b and Zhang et al., 2000). 
 
In this model, a structural parameter called the folding angle ϕ  is introduced to 
characterize the deformation of DNA under stretching.  In order to simplify the 
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model, the backbones of DNA are regarded as two inextensible worm-like chains 
characterized by a very small bending rigidity.  The base pairs, which are 
perpendicular to each backbone, are assumed as rigid rods with constant length.  The 
mechanical properties of long DNA molecules are then studied based on this model, 
where the base-stacking interactions between adjacent nucleotide base pairs of DNA 
and the steric effects of base pairs are taken into account.  The strong intensity of 
base stacking interactions ensures the structural stability of DNA, while the 
short-ranged nature of such interactions makes externally stimulated structural 
fluctuation possible.  The entropic elasticity and highly extensibility of DNA are 






Figure 2.3 Schematic diagram of ZZO model (Zhou et al., 2000a, b).  21 ,, ttt  are the 
tangential vectors of the central axis and the two backbones, respectively.  The unit 
vector ntb ×=  is perpendicular to the nt −  plane. 
 
The total energy of this model includes the following parts:  
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1 ,                       (2.6) 
where cK  is the bending rigidity, L  is the total contour length of each 
backbone, and s  is the arc length along the backbone. 

















2 sin ϕϕ ,             (2.7) 
where R  is the radius of DNA. 
(c) the base-stacking potential energy 
( ) dsE Lbs ∫= 0 ϕρ ,                        (2.8) 
where ( )ϕρ  is the base-stacking energy density, which originates from the weak 
van der Waals interaction between the adjacent nucleotide base pairs and is 
usually described in the Lennard-Jones form. 
(d) the energy caused by external stretching force 
dsztfE
L
f ϕcos00 ⋅−= ∫ ,                  (2.9) 
where f  is the external force and 0z  is the unit vector along the force 
direction. 
















/sin ϕ ,            (2.10) 
where Γ  is the magnitude of external torque. 
 
Using path integral method and diagonalization method, the force-extension 
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relationship and extension-supercoiling relationship can be calculated.  This model 
can also be modified into a discrete one and solved by the Monte Carlo method, in 
which twist and supercoiling are considered as the natural result of cooperative 
interplay between base-stacking interaction and sugar-phosphate backbone bending 
constrained, instead of introducing extra twisting energy item tE . 
 
In summary, ZZO model is the first three-dimensional model to describe the force 
induced state transitions of DNA.  The key contribution of this work is that using the 
folding angle, the steric effects of base pairs and the base-stacking interactions 
existing between adjacent DNA base pairs are all taken into account.  However, the 
effects of ionic strength on the mechanical properties of DNA are not quantitatively 
considered in this model. 
 
2.2.4 Models Dependent on Solution Conditions 
 
Because the counterion atmosphere of DNA neutralizes the charges of the anionic 
phosphates and affects the electrostatic interactions of the system, DNA structure is 
sensitive to the composition and concentration of surrounding solutions.  Therefore, 
the effects of solution conditions must be taken into account for the mechanical 
properties of DNA under stretching forces.  The basic theories are the Manning 
condensation theory and Poisson-Boltzmann equation.   
 
Because persistence length and elastic stretch modulus are the two most important 
parameters to study the elastic properties of DNA, the ionic effects on them have been 
CHAPTER 2 LITERATURE REVIEW 
 31
investigated by many researchers.  One of the most important theories to study the 
electrostatic contributions to the persistence length of DNA is the Odijk- 
Skolnick-Fixman (OSF) theory proposed by Odijk (1977), Skolnick and Fixman 
(1977) and improved by Barrat et al. (1993).  In this theory, the persistence length 
( A ) of DNA is expressed as eAAA += 0 , where the intrinsic persistence length ( 0A ) 
is due to base stacking and the electrostatic persistence length ( eA ) is due to the 
interaction between negative charges of DNA and cations in the solution.  Smith et al. 
(1992) first used this theory to modify FJC model to investigate the elastic behavior of 
single DNA molecules at three different ionic strengths under stretching.  In order to 
study the electrostatic effects on DNA behavior under higher forces, WLC models 
have been combined with the OSF theory (Marko et al., 1995; Baumann et al., 1997 
and 2000; Wang et al., 1997; Bouchiat et al., 1999; Lee et al., 1999; Lu et al., 2002).  
Using the extensible WLC model and OSF theory, Baumann et al. (1997) found that 
the electrostatic persistence length ( eA ) varies inversely with the ionic strength of 
sodium salt solutions.  Their experimental data are consistent with the relationship 
between persistence length and ionic strength c , which is 10 324.0
−+= cAA  Å for 
sodium ionic strength less than 1 M.   
 
Podgornik et al. (2000) proposed an elastic moduli renormalization model to study the 
ionic effects on the persistence length and elastic stretch modulus of DNA under 
stretching forces.  This model is actually a generalization of the OSF theory.  In 
their model, the elastic moduli are renormalized by including the effect of electrostatic 
interactions.  The effective length per unit charge of DNA is given by curve fitting 
with experimental data.  The change of the effective length per unit charge is an 
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important reason for the variation of electrostatic interactions and the overstretching 
transition forces of DNA. 
 
Vologodskii (1994) applied Poisson-Boltzmann equation to simulate the ionic effects 
on the elastic behavior of DNA.  In his model, the Debye─Hückel approximation is 
used to modify the free energy of WLC model.  The numerical results are in good 
agreement with the experimental data of Smith et al. (1992).  Because the negative 
charges of DNA molecules are considered to be the negative particles on the DNA 
surface in the Poisson-Boltzmann equation, the electrostatic potential of DNA 
molecules can be calculated easily and conveniently by the Monte Carlo method or 
Molecular Dynamic method.    
 
Although the models discussed above can reveal the ionic effects on the elastic 
properties of DNA, they cannot explain the dependence of salt conditions on the first 
and second overstretching transitions.  Several models have been proposed to study 
the sodium ionic effects on the nonlinear elastic properties of DNA under stretching 
forces.  The first one was developed by Rouzina et al. (1999a, b and 2001a, b) using 
the Poisson-Boltzmann equation and DNA melting theory.  In their DNA melting 
theory, the double helix DNA chains are assume to melt into two single strands during 
the first overstretching transition.  The electrostatic potential of DNA molecules is 
expressed as a function of sodium ionic strengths and charge densities of 
double-strand DNA (dsDNA) and single-strand DNA (ssDNA).  Based on this DNA 
melting theory, Punkkinen et al. (2005) developed another model coupling the 
two-state WLC model by Ahsan et al. (1998) and the elasticity theory by Podgornik et 
al. (2000).  Their study shows that the effective length per unit charge of DNA is the 
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main parameter to describe the salt dependence, whereas the other parameters in this 
model are barely related to any salt dependence.  However, Cocco et al. (2004) 
proved that S-DNA is not two separated ssDNA but essentially contains two 
interacting strands.  Therefore, they proposed a three-state Ising-like model in which 
each DNA segment is assumed to be one of the three states: B-DNA, S-DNA or 
ssDNA.  By including an ionic strength correction to the base-pairing free energy, 
the “force-salt phase diagram” is given to predict the first and second overstretching 
transitions for sodium ionic strength from 1 mM to 1 M.  The first overstretching 
transition forces of this diagram are consistent with recent experiments.  However, 
experimental studies are still needed to investigate the ionic effects on the second 




The experimental methods for DNA manipulation and numerical models for DNA 
micromechanics under tension have been reviewed in this chapter.  Three 
manipulation methods, optical tweezers, magnetic tweezers and AFM are compared.  
Because of the non-intrusive, easy manipulation and suitable force range, optical 
tweezers is used for this research.  Based on the conformational structures for DNA, 
numerical models for DNA micromechanics under tension are introduced.  FJC 
model and WLC model are the two basic models to study the elastic behavior of DNA.  
The state transition models and ZZO model are based on FJC or WLC model and 
applied to both the elastic behavior and overstretching transitions of DNA.  The 
models dependent on solution conditions are also reviewed to study the interactions 
between DNA and surrounding solution.  The review shows that it is necessary to 
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develop a three-dimensional model to investigate the effects of steric structure of 
DNA and the interactions such as hydrogen bond, base stacking interaction, van der 
Waals interaction and electrostatic interaction on DNA micromechanics.  Because 
the different ionic effects between sodium and magnesium cations on the mechanical 
properties of DNA, it is also necessary to perform experimental studies to investigate 
the magnesium ionic effects on the mechanical properties of DNA under tension and 























EXPERIMENTAL SETUP AND PROCEDURES 
 
As experimental results will be used to verify the numerical models, it is necessary to 
describe the experimental method first.  In this chapter, the background and principle 
of optical tweezers are introduced first.  Several force calibration methods are 
discussed in which the escape force method is chosen for this study.  A detailed 
description on the experimental setup is then given.  The setup comprises a 
single-beam laser, a microscope with CCD camera, a custom-made sample heater and 
a custom-made sample chamber.  Finally, the sample preparation to attach 
streptavidin coated microspheres to biotinylated DNA and the procedures for single 
DNA manipulation using optical tweezers are described. 
 
3.1 Background    
 
Ashkin (1970) discovered that the optical forces of radiation pressure from a 
continuous laser light could trap and displace micro-sized dielectric particles in both 
liquid and gas.  He also devised the first stable three-dimensional laser trap for single 
neutral particles using two counter-propagating laser beams (Ashkin and Dziedzic, 
1971).  Since then, a wide variety of laser traps have been set up for trapping of 
neural dielectric particles and atoms (Ashkin 1980; Ashkin et al., 1983 and 1985).  
These laser traps are based on the theory of scattering and gradient forces of radiation 
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pressure.  The single-beam gradient force trap is conceptually and practically 
regarded as one of the simplest radiation pressure traps.  Ashkin et al. (1986) first 
trapped dielectric particles using a single-beam gradient force trap.  They confirmed 
that the negative light pressure on the dielectric particles was due to the gradient force 
and christened this trap “optical tweezers”.  Since the inception of optical tweezers, it 
has been widely employed at the frontiers of science and engineering.  Ashkin et al. 
(1987a and 1987b) applied the infrared light to reduce the optical damage of laser trap 
and make the laser trap possible to trap living biological particles such as viruses, 
bacteria and cells.  They also measured the force of cell organelle movement inside 
living cells (Ashkin et al., 1990).  Block et al. (1989) firstly determined the torsional 
compliance of flagella in both tethered and motile bacteria by calibrating the trapping 
force and measuring the twist that was sustained by this force.  Their study paved the 
way to the force calibration of optical tweezers.  Since then optical tweezers has been 
widely used in the studies of single molecular motors, physical properties of 
biopolymers, colloids and mesoscopic system and especially biomechanical properties 
of single molecules (Neuman et al., 2004).    
 
3.2 Principles of Optical tweezers    
 
Optical tweezers makes use of a laser beam to trap particles or molecules for physical 
or biological researches.  When a laser beam is highly focused by an objective lens 
with high numerical aperture (N.A.), a dielectric particle near the focus will be trapped 
by the optical forces.  In essence, optical tweezers depends on an extremely steep 
gradient in the electric field produced by tightly focusing the laser beam using a high 
aperture oil immersion objective lens.  Traditionally, the optical force includes two 
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components which are the scattering force and gradient force.  The scattering force is 
defined as the force due to light scattering and regarded as a consequence of the 
momentum delivered by scattered photons.  This force is proportional to the light 
intensity and acts in the direction of propagation of the light.  The gradient force 
arises from the interaction between the fluctuating electric dipoles in the dielectric 
particle and the inhomogeneous electric field at the focus (Svoboda et al., 1994).  
This force is in the direction of the spatial light gradient and proportional to both the 
polarizability of the dielectric particle and the light intensity gradient at the focus.  To 
achieve a stable optical trap in three-dimensions, the gradient force pulling the particle 
towards the focal region must be larger than the scattering force pushing it away from 
that region.  Depending on the particle diameter, different kinds of theories have been 
developed to calculate the optical forces (Neuman et al., 2004).   
 
When the diameter of particle (D) is much larger than the wavelength of trapping laser 
(λ), usually D > ~10λ, the simple ray optics theory is applicable.  Ashkin (1992) 
developed an approach to calculate the optical forces acting on a dielectric particle in 
the ray optics regime.  The basic idea of this approach is that when a laser beam is 
refracted by a transparent particle, the photon momentum carried by the laser beam 
will be changed and results in corresponding reaction forces acting on the particle.  
Figure 3.1 shows the refraction of laser beam at the surface of a dielectric particle and 
the corresponding forces acting on it.  The effect of laser beam can be modeled using 
a bundle of rays, in which the proportion of each individual ray is weighted by its 
intensity.  If the refractive index of the particle is greater than that of surrounding 
medium, the refraction results in optical forces in the direction of intensity gradient, 
tending to push the particle towards the region with strong intensity gradient. 
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               (A)                               (B) 
Figure 3.1 Schematic diagrams of optical forces to trap a dielectric particle. 
 
As shown in Figure 3.1 (A), a transparent particle is illuminated by a parallel laser 
beam with an intensity gradient increasing from right to left.  Two lines with different 
thicknesses are drawn to represent the change of intensity of laser beam.  According 
to the conservation of momentum, the photon momentum changed by the refraction of 
rays equals to the change of momentum to the particle but in opposite direction.  The 
change rate of momentum produces a force according to Newton’s Second Law.  The 
net force on the particle is in the direction of intensity gradient.  As shown in Figure 
3.1 (B), a particle is illuminated by a focused laser beam with a radial intensity 
gradient.  In this case, the two representative rays are refracted by the particle and 
produce a net force towards the focus.  When the net force is balanced by the 
scattering force, the laser beam forms a stable three-dimensional trap.  If the particle 















Left ray Right ray
CHAPTER 3 EXPERIMENTAL SETUP AND PROCEDURES 
 39
equilibrium position.  If the direction of a ray is reversed, the direction of force will 
not be changed.  It shows that the gradient force is related to the laser beam intensity 
rather than to the direction of propagation (Molloy et al., 2002).   
 
When the diameter of particle is much smaller than the wavelength of trapping laser, 
the ray optical approach is less satisfactory and the Raleigh regime is applicable.  The 
particle is treated as a point dipole so that the scattering and gradient forces are 
separated.  In the Rayleigh Regime, the particle develops an electric dipole moment 
in response to the light’s electric field. This electric dipole moment can draw up 
intensity gradients in the electric field toward the focus (Grier, 2003).   
 
In most of the biological experiments, the diameters of particles such as virus, bacteria, 
and cells are comparable to the wavelength of trapping laser.  The conditions of ray 
optics or Rayleigh scattering are not satisfied.  Also, the optical forces exerted on 
dielectric particles are dependent on many factors, such as the shape and intensity of 
laser, the size, shape, and material of particle, and also the properties of buffer solution.  
There is still limitation for current optical trapping theories to determine the optical 
forces.  Therefore, force calibration methods are often used to determine the actual 
trapping force.    
 
3.3 Force Calibration of Optical tweezers    
 
In practice, there are many types of force calibration methods, such as the escape force 
method, equipartition method, power spectral method and drag force method (Svoboda 
et al., 1994; Lang et al., 2002; Neuman et al., 2004).  The escape force method is 
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performed by moving a trapped particle or microscope stage to monitor the “escape” 
velocity of the particle.  It is particularly useful to check the linearity of trapping 
potential in the regions far from the trapping center.  The equipartition method, power 
spectral method, and drag force method are the trap stiffness based methods.  They 
determine the trap stiffness and then use the measured displacement from the 
equilibrium trap position to determine the force acting on the particle through Hooke’s 
Law: αxF = , where F  is the applied force, x  is the displacement of the particle 
from its trapped equilibrium position, and α  is the trap stiffness.  In this study, 
λ-DNA between two microspheres is stretched in the transverse section of an optical 
trap.  Thus, the calibration methods for transverse trapping forces are discussed in the 
following sections.    
 
3.3.1 Escape Force Method  
 
Ashkin et al. (1986) proposed a direct method to determine the escape force by 
measuring the viscous drag force exerted by fluid flow to completely dislodge the 
trapped particle from the optical trap.  Because the Reynolds number 
510/ −≈= ηρavR fe  (where fv  is the fluid velocity, a  is the particle radius, ρ  is 
the particle density and η  is the fluid viscosity) is quite small for trapping particle, 
the inertial forces are ignored in this method (Happel et al., 1991).  The drag force on 
a stationary particle is βfd vF = , where the drag coefficient β  is controlled by 
Stokes’ Law ηπβ a6= .  Three approaches were introduced to measure the escape 
force by Svoboda et al. (1994).  In the first approach, flow fluid is made to pass a  
particle trapped by laser in a flow chamber at increasing velocities until the particle  
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Table 3.1 Drag on a particle near chamber surface (Faxen’s Law)*. 
 


























              * The data are taken from Svoboda et al., 1994. 
 
just escapes.  The fluid velocity for escape force is determined by tracking the particle 
immediately after leaving the trap, or by tracking other particles in the flow field in the 
same focal plane.  The second approach is to move the chamber containing fluid to 
pass an optionally trapped particle using a motorized or piezo-driven stage.  The fluid 
velocity for escape force is the velocity of stage at which the particle escapes.  The 
third approach is to move the optical trap while the sample fluid remains stationary so 
that the velocity at which the particle escapes is recorded.   
 
As shown in Table 3.1, when the distance between trapped particle and chamber 
surface is comparable to the particle radius, the effect of chamber surface is great and 
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the drag coefficient must be corrected.  The drag coefficient of a sphere shape particle 
with a distance h  from its center to chamber surface can be expressed by the Faxen’s 






















= ηπβ .               (3.1) 























= ηπ .               (3.2) 
The escape force is thus the minimum drag force required to remove the particle from 
the optical trap.   
 
3.3.2 Trap Stiffness Based Methods  
 
It is convenient to determine the optical forces as a function of the displacement from 
the trap center, i.e. the trap stiffness can be measured.  A number of different methods 
have been proposed to measure the trap stiffness (Neuman et al., 2004).  Several of 
these methods, equipartition method, power spectral method and drag force method, 




The equipartition method measures the thermal fluctuations in the position of a trapped 
particle to obtain the trap stiffness.  This method is based on the Equipartition 
Theorem  






1 xTkB α= ,                         (3.3) 
where Bk  is the Boltzmann’s constant, T  is the absolute temperature, the variance 
of displacement 2x  is equal to the integral of position power spectrum.  This 
method is straightforward, fast and independent on the viscous drag of the trapped 
particle.  However, because the variance of displacement is an intrinsically biased 
estimator derived from the square of the displacement quantities, any added noise and 
drift in position measurements may have great effects on the variance and the trap 
stiffness estimated from Eq. (3.3).   
 
Power Spectral Method 
 
The power spectral method uses the physics of Brownian motion in a harmonic 
potential to determine the trap stiffness.  For low Reynolds numbers, the one-sided 
power spectrum for the thermal fluctuations of a trapped particle is characterized by 
the Lorentzian power spectrum (Svoboda et al., 1994; Neuman et al., 2004) 
( ) ( )2202 sBsxx ff
TkfS += βπ ,                       (3.4) 
where ( )1fS xx  is in units of square displacement per Hz, sf  is the frequency, 
( ) 10 2 −= πβαf  is the roll-off frequency.  The trap stiffness α  can be calculated 
from the roll-off frequency 0f  when β  is known.  For a particle with radius a  
far from the chamber surface, β  is controlled by Stokes’ law, whereas, for a particle 
near the chamber surface, Faxen’s law is appropriate to estimateβ .   
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Since the trap stiffness can be directly derived from the roll-off frequency, the power 
spectral method is independent of the position calibration.  However, this method 
requires a detector system with sufficient bandwidth to record the power spectrum well 
beyond the roll-off frequency.  Any lowpass filtering of the detector output signal will 
underestimate the roll-off frequency and the trap stiffness.   
 
Drag Force Method 
 
In the drag force method, the displacement of trapped particle from its equilibrium 
position is measured by moving the stage in a regular triangle wave or sinusoidal 
pattern.  In the case of a sinusoidal driving force, the motion of particle is (Neuman et 
al., 2004) 










0 ,                 (3.5) 
( )sff /tan 01−−=ς ,                         (3.6) 
where 0A  and sf  are the amplitude and frequency of the driving forces, ς  is the 
phase delay and t  is the time.  The trap stiffness can be obtained from the amplitude 
and phase of particle motion as shown in Eqs. (3.5) and (3.6). 
 












0 .                     (3.7) 
When the particle is near the chamber surface, Faxen’s law is used to correct the 
surface effect on Stokes’ law.  Because of the finite response time of stage, the 
exponential damping term of Eq. (3.7) is convolved with the response time of stage.  
CHAPTER 3 EXPERIMENTAL SETUP AND PROCEDURES 
 45
Therefore, only the first part of Eq. (3.7) αβ 2/0 sfA  should be used to estimate the 
trap stiffness. 
 
Compared with the thermal motion, the particle motion in the drag force method is 
slow.  The bandwidth requirements of the detection system for the drag force method 
are much more relaxed than the power spectral method (Neuman et al., 2004).  
Therefore, it is easer to perform the drag force method than the other trap stiffness 
based methods. 
 
3.3.3 Recommended Force Calibration Method  
 
As discussed in the above, the escape force method and trap stiffness based methods 
have both advantages and drawbacks.  The proper force calibration method must be 
chosen according to the experimental conditions, such as the available setup, sample 
and manipulation method used in the experiments.  In this study, λ-DNA attached 
with one microsphere on each of its end is stretched until the microsphere escapes 
from the optical trap.  The forces performed on the microsphere are the transverse 
trapping forces at the moment of escape.  This experimental condition accords with 
that of the escape force method in which the escape force is measured when the 
particle just dislodges from the optical trap.  In this case, the trap stiffness based 
methods are unsuitable.  The reason is that when the microsphere escapes, the 
restoring force is no longer linear with the displacement from its equilibrium position 
(Svoboda et al., 1994).  In addition, the experimental setup is susceptible to 
environmental noises which may greatly affect the trap stiffness measurement.  
Therefore, the escape force method is comparatively more suitable to calibrate optical 
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forces in this study to stretch single DNA molecules. 
 
In the experiments conducted here, in order to obtain the escape force, the fluid 
viscosity of buffer solution is measured using Rheometric Scientific rheometer and the 
escape velocity of the particle is measured using Charge-coupled Device (CCD) 
camera (Sony, Japan).  At each laser power, the movement distance of the object 
during a certain time can be measured from the pictures captured by CCD camera and 
the fluid velocity can be calculated.  Therefore, the escape force can be calculated by 
Eq. (3.2).  As shown in Figure 3.2, the escape force is almost linear with the laser 




















Figure 3.2 Plot of laser power percentage vs. experimental escape force (dots with 
error bars) for 2.17 μm microsphere in Tris-ETDA buffer solution.  The straight line 
is the trend of escape forces for laser power percentage ≥ 15%. 
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3.4 Experimental Setup     
The experimental setup in this study is made of a single-beam laser, an inverted 
microscope mounted with a Charge-coupled Device (CCD) camera, a custom-made 
sample heater, and a custom-made sample chamber.  The principle of the whole setup 
is explained using the schematic diagram shown in Figure 3.3.  A laser beam is 
generated by the diode-pumped YAG laser and controlled by a laser shutter connected 
to a computer.  The laser beam that enters the microscope is focused using an oil 
immersion objective lens.  The image in the sample chamber is captured by the CCD 
camera.  The sample chamber is heated by a custom-made sample heater and 
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Figure 3.4 Single-beam optical tweezers setup (Nano&Biomechanics Lab, Division of 
Bioengineering, National University of Singapore). 
 
The optical tweezers (Cell Robotics, Inc. USA) with a 1500 mW diode-pumped 
yttrium aluminium garnet laser is used for all the experimental studies in this research 
(Figure 3.4).  The wavelength of this laser is 1064 nm.  The advantages of this 
optical tweezers are the good stability of laser beam and the low absorption of 
near-infrared laser wavelength by biological materials.  The inverted optical 
microscope (Leica, Germany) with a high numerical aperture oil immersion objective 
lens (100X 1.25 N.A., Leica, Germany) is combined with the laser beam to produce a 
diffraction limited focal spot.  The inverted microscope makes the laser light easy to 
act on the plane of the sample chamber.  The high numerical aperture can produce a 
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resolution of the microscope but also enables the laser beam to focus into a trapping 
spot (Molloy et al., 2002).  A thin layer of oil (Leica, Germany) is placed between the 
objective lens and the cover slip of sample chamber so as to eliminate the air gap and 
minimize any image aberration.  The CCD camera (Sony, Japan) is mounted on the 
microscope to capture the images of samples in the experiments.  The microscope 
stage, laser, and CCD camera are attached to a computer and controlled by 
corresponding software. 
 
3.4.2 Sample Heater 
 
The custom-made sample heater is used to change the temperature of sample by 
heating the sample chamber (Figure 3.5).  This sample heater includes two parts, 












Figure 3.5 Custom-made sample heater setup (Nano&Biomechanics Lab, Division of 
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sensor (temperature controller with thermocouples).  The temperature can be varied 
by adjusting the output of the voltage regulator.  The temperature sensor can display 
the real-time temperature of the sample.   
 
3.4.3 Sample Chamber 
 
Referring to the designs of Bennink et al. (1999), Wuite et al. (2000), and Lee (2004), a 
flow chamber is custom-made to conduct the force calibration and all the 
manipulations of single DNA molecules.  As shown in Figure 3.6, the flow chamber 
is made of four parts: cover slip, parafilm, acrylic base and glass tubes.  The 
dimension of cover slip is 400 mm × 22 mm × 0.15 mm.  Two micro holes with the 
diameter of 1mm are drilled through the acrylic base (76.2 mm × 25.4 mm) at a 
distance of 32 mm.  One parafilm (100 μm thickness, American National Can, 
Menasha, WI) with a micro channel (35 mm × 3 mm) is sandwiched between the 
acrylic base and cover slip.  The final dimension of the covered micro channel is 35 
mm × 3 mm × 100 μm, in which the sample would be placed.  Two glass tubes, 
internal diameter of 2.85 mm and external diameter of 5 mm, are positioned on the 
other side of the acrylic base.  Each glass tube is attached to a plastic tube for fluid 
flow.  One tube connecting to a syringe pump (Cole Palmer, Vernon Hills, IL) serves 
as the inlet for the samples while the other tube serves as the outlet for the samples.   
 
3.5 Sample Preparation    
3.5.1 Preparation of λ-DNA 
 
The double stranded DNA used in this study is isolated from bacteriophage λ (c1857  




















Figure 3.6 Custom-made flow chamber with plastic tubes for inlet and outlet flow of 
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ind1 Sam7; Fermentas, EU) of E-coli.  It contains 48.5k base pairs with contour 
length of 16.5±0.2 μm.  As shown in Figure 3.7, the structure of λ-DNA is quite 
unique.  At the 5' end of each single strand of DNA molecule, there is an overhang 
which consists of 12 nucleotides, whereas neither of the 3' end is occupied (Haber, 
2000).  These overhangs can serve as sticky ends to bind with a variety of functional 
groups.  In order to attach to the streptavidin coated polystyrene microspheres, 
λ-DNA molecules are labeled by adding biotin molecules to the 3' end of strands 
according to Chargaff’s Rules, i.e. A is complementary with T while G is always with 
C.  Biotinylation of λ-DNA is obtained by incubating DNA molecules with 
biotin-11-dCTP (Perkin Elmer, Wellesley, MA), dATP, dTTP, dGTP and Klenow 
fragment of DNA polymerase (New England Biolabs, Beverly, MA).  Single strand 
nicks are repaired by adding T4 DNA Ligase (New England Biolabs).  According to 
an agarose gel electrophoresis experiment, the quality of biotinylated λ-DNA 










Figure 3.7 Schematic diagram of λ-DNA biotinylation.  (A) the overhang at the 5' end 










   
3' 
CHAPTER 3 EXPERIMENTAL SETUP AND PROCEDURES 
 53
contaminated.  The stock of DNA samples is stored in the buffer of 10 mM Tris 
(pH=8.0) and 1 mM EDTA.   
 
3.5.2 Binding of DNA & Microspheres 
 
The biotin-avidin bond is known as one of the strongest non-covalent bonds.  The 
formation of the bond is very fast and once it is formed, the bond is quite stable in 
many kinds of solution conditions with various ion concentrations, pH levels and 
temperatures.  Because avidin’s isoelectric point (pI) is about 10 which results in a net 
positive charge at neutral solution, avidin can non-specifically interact with negatively 
charged DNA molecules (TechNote #101, Bangs Laboratories Inc.).  Therefore, in the 
experiment streptavidin with pI of 5 (a net negative charge at neutral solution) is used 
to bind with biotin labeled DNA molecules (Savage et al., 1992). 
 
Before use, a preliminary wash of the microspheres is necessary to remove the 
additives such as surfactants and anti-microbials.  The detailed description of washing 
steps is summarized as follows (Lee, 2004). 
• The stock solution of microspheres is diluted by deionized (DI) water to a 
concentration of 0.5 μg/μl. 
• The diluted microsphere solution is washed in a centrifuge for 15 minutes at a 
speed of 1230 rcf. 
• When it is completed, the supernatant is removed and fresh DI water is then 
added into the solution. 
• The above steps are repeated three times. 
Now the streptavidin coated microspheres are ready to bind with biotinylated DNA.   












Figure 3.8 Attachment of biotinylated DNA and streptavidin coated microspheres. 
 
The DNA sample with a concentration of 0.2 μg/μl is mixed together with the purified 
microspheres at a volume ratio of 1:1.  The buffer for NaCl solution is with 10 mM 
Tris (pH=8) and 1mM EDTA.  The buffer for MgCl2 solution is with 10 mM Tris 
(pH=8).  Figure 3.8 shows the expected attachment of one biotinylated DNA and two 
streptavidin coated microspheres.  However, since there are several biotin binding 
sites on the surface of one microsphere, it would result in unexpected interactions. For 
example, one DNA molecule only binds with one microsphere or some DNA 
molecules undergo co-binding between two microspheres.  It is easy to remove the 
first possibility of one DNA molecule binding with one microsphere.  This is 
achieved by trapping one microsphere from a pair of microspheres using a low optical 
force and putting down the other one to stick on the chamber ground.  When the 
microscope stage is moved, the microsphere on the chamber ground will move together.  
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between two microspheres, i.e. either one DNA molecule binds with one microsphere 
or no DNA molecule at all.  If the trapped microsphere escapes from the laser beam, 
the two microspheres must be linked.   
 
After it is confirmed that two microspheres are attached by DNA molecules, there are 
several methods to check whether only one DNA molecule is attached between the two 
microspheres.  The first method is the contour length method, in which a low optical 
force, about 45 pN for 150 mM NaCl buffer solution (pH=7.0, 20˚C), is applied to pull 
apart the two microspheres.  If the largest distance between the two microspheres 
approximately matches the contour length of λ-DNA, 16.5 μm, there is probably a 
DNA molecule between them.   
 
The second method is to compare the elastic extension of DNA with theoretical results.  
As proposed by Odijk (1995) and Marko et al. (1995), DNA behavior under low 
stretching forces before the first overstretching transition is an intrinsic elasticity 
regime which can be expressed by extensible WLC model.  Therefore, if the 
force-extension curve under low forces coincides with the results of extensible WLC 
model, it is deemed that there is only one DNA molecule between the two 
microspheres.  Otherwise there should be more than one DNA molecule.    
 
In the third method, DNA is stretched by forces of more than 65 pN forces (150 mM 
NaCl buffer solution, pH=7.0, 20˚C).  It has been reported that DNA undergoes an 
overstretching transition in this condition (Smith et al., 1996).  Thus, if there is only 
one DNA tethered between the two microspheres, the overstretching transition occurs 
at about 65 pN.  However, if there are more than one DNA molecules tethered, the 
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force required to overstretch the molecules would be much greater than 65 pN.   
 
3.6 Experimental Manipulation     
 
The manipulation to stretch a single λ-DNA molecule is shown in Figure 3.9.  
Because the diameter of a single DNA molecule is only about 2 nm, it is invisible 
under the 100× oil immersed objective lens and difficult to be trapped directly by the 
laser beam.  Instead of the DNA molecule, two streptavidin coated polystyrene 
microspheres (Spherotech, Libertyville, IL) are trapped in the experiment.  The mean 
diameter of the microspheres is determined to be 2.17 μm with a 3% coefficient of 
variation (standard deviation/mean).  These two microspheres are specifically bound 
to the two ends of the biotin labeled DNA molecule.  One of the microspheres is 
attached to the bottom of the sample chamber and the other is trapped and held 
stationary by the laser trap.  By moving the sample chamber via the microscope stage, 
the DNA molecule is stretched until the trapped bead is detached from the laser trap.  
By varying the laser power, different stretching forces can be applied.  The absolute 
extension of the molecule is determined by measuring the distance between the centers 
of the two microspheres using an image captured by the CCD camera.  
Force-extension measurements for stretching a single DNA molecule under certain 
buffer solutions are then carried out.   
 
The images of two microspheres for stretching the single DNA molecule are shown in 
Figure 3.10.  The right microsphere is trapped by a single laser beam; whereas the left 
one is adhered to the bottom of the sample chamber (Figure 3.10 A).  When the 
microscope stage is moved, the single DNA molecule between two microspheres is 
CHAPTER 3 EXPERIMENTAL SETUP AND PROCEDURES 
 57
stretched (Figure 3.10 B).  After the molecule reaches its contour length, it is 
overstretched to about 1.7 times of the contour length within very few pN forces, i.e.  
B-form DNA transfers to S-form DNA (Figure 3.10 C). 
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Figure 3.10 Experiment of stretching a single DNA molecule using optical tweezers.  
The left microsphere is stick on the cover slip and the right one is trapped by laser 
beam.  A single DNA molecule is attached between the two microspheres.  (A) the 
right bead is trapped by laser beam; (B) the single DNA molecule is stretched to its 
contour length; (C) the single DNA molecule is overstretched by 1.7 times of its 








The experimental setup of single-beam optical tweezers and sample preparation have 
been introduced in this chapter.  The experimental setup includes a single-beam 
diode-pumped yttrium aluminium garnet laser, an inverted microscope mounted with a 
CCD camera, a custom-made sample heater and a custom-made sample chamber.  
The sample used in this research is the biotinylated λ-DNA attached with a streptavidin 
coated polystyrene microsphere on each end.  Using the single-beam optical tweezers, 
this sample will be applied to study the mechanical properties of single DNA 




















IONIC EFFECTS ON ELASTIC PROPERTIES OF DNA  
 
In this chapter, the ionic effects on the elastic properties of DNA are experimentally 
and numerically studied.  The extensible WLC model is applied to fit the 
experimental data carried out using optical tweezers.  The effects of sodium and 
magnesium ionic strengths on the persistence length and elastic stretch modulus are 
determined.  The Odijk-Skolnick-Fixman (OSF) theory and the elastic moduli 
renormalization model developed by Podgornik et al. (2000) are also used to study the 
persistence lengths of DNA in different salt solutions.  For the ionic strengths 1≥  
mM, the persistence lengths calculated from these two theories are consistent with 
those obtained from the extensible WLC model.  The effective lengths per charge of 
DNA are given for various ionic strengths.  The results are in agreement with 
Manning and Poisson-Boltzmann theories for thin polyelectrolyte rods. 
 
4.1 Extensible WLC Model Studies      
 
At very low stretching forces ( 1.0≤f pN), DNA acts as an entropic spring.  The 
elastic behavior of DNA can be expressed as the inextensible WLC model in terms of 
persistence length.  When the stretching force is larger than 0.1 pN, the molecule is 
enthalpically stretched, in which the elastic stretch modulus has to be accounted for the 
elastic behavior of DNA.  The persistence length and elastic stretch modulus of single 
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DNA molecules can be obtained by the curve fitting experimental results with the 








11 ,                       (4.1) 
where x  is the extension of DNA, L  is the contour length of B-DNA, Bk  is the 
Boltzmann constant, T  is the absolute temperature, f  is the stretch force, A  is the 
persistence length and S  is the elastic stretch modulus.  Using optical tweezers 
described in Chapter 3, the experimental data for at least five different λ-DNA 
molecules are collected for each salt solution.  The actual contour lengths measured 
in the experiment are used for fitting the curve.  Due to the limitation of the optical 
tweezers being unstable at low laser powers, the experimental results for the stretching 
forces below 10 pN are not discussed here.   
 
The persistence lengths and elastic stretch moduli for different sodium and magnesium 
ion strengths are summarized in Table 4.1.  The persistence length decreases as the 
ionic strength of sodium or magnesium salt solution increases.  The changes in 
persistence length may be due to the cation-induced changes of electrostatic repulsion 
between the negative charges on DNA strands.  When the ionic strength of the 
solution decreases, the electrostatic repulsion of DNA strands increases.  As a result, 
the persistence length increases and DNA is easily stretched (Podgornik et al., 2000).  
The persistence length is sensitive to the low sodium salt concentrations.  When the 
concentration changes from 0.909 mM to 9.09 mM, the persistence length decreases 
from 71 nm to 65 nm.  However, the value of persistence length does not change 
much after 45.5 mM.  The possible reason is that the electrostatic interaction between 
DNA and surrounding solution does not change much with the increase of sodium salt 
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concentration.  Therefore, the intrinsic persistence length in Eq. (4.1) which is related 
to the electrostatic interaction will not make much difference at high salt 
concentrations.  Table 4.1 shows that the magnesium cations have stronger effects on 
the persistence length than the sodium cations.  For example, 1 mM Mg2+ reduced the 
persistence length to 52 nm, which is much smaller than 71 nm in 0.909 mM Na+.  
The central distribution of divalent magnesium charges may be an important factor in 
the reduction of the persistence length since the magnesium charges are more efficient 
to reduce the electrostatic repulsion on DNA strands than the linear distribution of 
univalent sodium charges.  Consequently, the persistence length in the magnesium 
salt solution is much smaller than that in the sodium salt solution at the same ionic 
strength.   
  
Table 4.1 Effects of sodium and magnesium ionic strength ( c ) on the persistence 
length ( A ) and elastic stretch modulus ( S ) of single DNA molecules at 37˚C. 
 
NaCl Solution MgCl2 Solution 
c [mM]     A [nm]    S [pN]  c [mM]     A [nm]    S [pN] 
 0.909       71± 3    738± 47 
 9.09        65± 3    800± 79 
 45.5        51± 2    909± 156 
 150        50± 4    923± 124 
 455        50± 5    1120± 210 
 909        46± 4    1290± 183 
  0.1        57± 3     700± 56 
   1        52± 4     890± 85 
  10        50± 2     1100± 163 
  20        47± 5     1249± 78 
  50        47± 2     1280± 233 
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Table 4.1 also shows the effects of sodium and magnesium ionic strengths on the 
elastic stretch moduli of single DNA molecules.  Unlike the persistence length, the 
elastic stretch modulus decreases when ionic strength decreases, which suggests that 
single DNA molecules can be stretched more easily under lower ionic strengths.  This 
property is likely a result of the increase of the electrostatic repulsion between negative 
charges on DNA strands.  The electrostatic repulsion can provide extra intramolecular 
force to stretch DNA.  The data in Table 4.1 also show that the elastic stretch modulus 
is very sensitive to the magnesium cations even under very low ion concentrations.  
For example, 0.1 mM MgCl2 reduces the elastic stretch modulus of DNA to 700 pN.  
This strong effect of magnesium cations can be explained by the central concentrated 
distribution of divalent magnesium charges.  This experiment is the first one to show 
the magnesium ionic effects on the elastic properties of DNA under stretching.  
Including the effect of different temperatures in these two studies, the persistence 
length and elastic modulus for NaCl solution in Table 4.1 are consistent with those 
obtained by Wenner et al. (2002).  In the paper of Wenner et al. (2002), Table 1 shows 
that the persistence length decreases while the stretch modulus increases when the 
sodium ionic strength changes from 2.6 mM to 1000 mM.  Because of the effect of 
temperature, the persistence length and elastic stretch modulus in Table 1 are higher 
than those in Table 4.1 of this thesis.  
 
4.2 OSF Theory Studies      
 
The Odijk-Skolnick-Fixman (OSF) theory is one of the most important theories to 
study the electrostatic contributions to the persistence length of DNA. According to 
this theory, the persistence length of DNA can be expressed as eAAA += 0 , where the 
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intrinsic persistence length ( 0A ) is due to the base stacking of DNA and the 
electrostatic persistence length ( eA ) is due to the interaction between negative charges 
of DNA and cations in the solution.  Therefore, the persistence lengths of DNA in 








e κ , for NaCl at 37°C;      (4.2) 
1
0 12.0
−+= cAA , for MgCl2 at 37°C,                        (4.3) 
where Bl  is the Bjerrum length and κ/1  is the Debye length ( Bclπκ 8=  for 
NaCl solution and Bclπκ 24=  for MgCl2 solution).  The unit for persistence 
length is Å, and the ionic strength c  is in molar units.  According to the curve fitting 
between Eqs. (4.2 – 4.3) and the data in Table 4.1, 0A  is set as 500 Å.  Figure 4.1 
shows that the persistence length is infinite when the ionic strength equals to zero.   
Eqs. (4.2 – 4.3) are inapplicable to the salt solutions with too low ionic strengths.  
This may be due to the large electrostatic potentials at low ionic strengths.  As shown 
in Figures 4.1 – 4.2, Eqs. (4.2 – 4.3) can fit the data in Table 4.1 for the ionic strength 
> 1 mM.   
 



































Figure 4.1 Effects of sodium ionic strength on the persistence length (○) and elastic 
stretch modulus (●) of single DNA molecules at 37˚C.  The dashed line is calculated 




































Figure 4.2 Effects of magnesium ionic strength on the persistence length (○) and 
elastic stretch modulus (●) of single DNA molecules at 37˚C.  The dashed line is 
calculated from Eq. (4.3). 
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4.3 Elastic Moduli Renormalization Model Studies      
 
Podgornik et al. (2000) proposed the elastic moduli renormalization model to perform 
the interaction renormalization of the bending modulus and elastic stretch modulus in 
order to consider the effects of electrostatic interactions on DNA micromechanics 
under tension.  Their approach is actually a generalization of OSF theory.  The 
greatest advantage of this model is that the ionic effects on the effective length per unit 
charge of DNA can be described.  However, Podgornik et al. (2000) also pointed that 
this model can fit the persistence length very well while it fails to describe the stretch 
modulus data even qualitatively at ionic strengths below 50 mM.  Therefore, this 
model is only used to analyze the persistence length and the effective length per unit 
charge of DNA in this section. 
 
4.3.1 Elastic Moduli Renormalization Model 
 
The effects of the long range intersegment interactions on the bending modulus and 
elastic stretch modulus were presented by Podgornik et al. (2000).  As shown in 
Figure 4.3, when the molecule is locally bent, the effective distance between segments 
gets smaller, i.e.  ll <' .  Because the repulsive interactions increase, the bending 
modulus K  increases and thus, the persistence length TkKA B/=  increases.  The 
effect of the long range intersegment interactions on the elastic stretch modulus has a 
different origin.  The elastic stretch modulus is proportional to the second derivative 
of the interaction energy with respect to the intersegment coordinate at its minimum.   
Because the repulsion of the charged chain can locally stretch the segment length, the 
segment becomes bigger, i.e. dd >' .  The interaction energy at the minimum gets 
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less steep and its second derivative becomes smaller.  Therefore, the chain is easier to 
be stretched and the curvature of the interaction energy between the segments is 
diminished, which effectively determines the elastic stretch modulus.  Accordingly, 
the elastic moduli can be renormalized and Eq. (4.1) can be given as 









1 ,                       (4.4) 
where ( )RK  and ( )RS  are the renormalized elastic moduli to replace the elastic 
moduli K  and S , respectively.   
( ) += 0KK R Kδ ; 
( ) SSS R δ−= 0 ,                          (4.5) 
where 0K  and 0S  are the bare values of elastic parameters corresponding to a 
limitation of infinite concentration of salt solutions.  The changes in the bending and 
stretch moduli are 
Kδ ( )234 d
Tlk BB
κΔ= ,                         (4.6) 
Sδ ( )[ ]bEie
d
Tlk bBB κκ −Δ=
−
22 ,                   (4.7)  
where d  is the effective length per charge of DNA after counterion condensation, b  
is the microscopic cut-off on the order of the thickness of the polyelectrolyte molecule, 
i.e. b  is about 10 Å for DNA, ( )xEi  is the standard integral exponent function and 
Δ  is the local stretching parameter. 
( )RS
FS +=Δ 0 .                            (4.8) 
If we substitute Eq. (4.8) into Eq. (4.6 – 4.7) and solve the resulting quadratic equation 
for Kδ , we have the renormalized elastic stretch modulus dependent on the ionic  




Figure 4.3 Elastic moduli renormalization in presence of finite range intersegment 
interactions (Podgornik et al., 2000). 
 
strength (Wenner et al., 2002) 
( ) −= 0SS R Sδ ( )bgd
lTk
S BB κ20 −= ,                     (4.9) 
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                     ( ) ( )bEiebg b κκ κ −= −  
                         ( ) ( ) ( ) ( )
96184
ln577.0
432 bbbbbe b κκκκκκ −−−−−−= − . 
The renormalized persistence length can be given by the following expressions 
(Wenner et al., 2002) 
( ) += 0AA R 232 cdπ
α ,                      (4.10) 
where ( )30/1 SSδα −= , 0S  is the non-electrostatic elastic stretch modulus at high 
ionic strength.  α  is a correction to the OSF theory because the extensibility of DNA 
is considered.  According to Table 4.1, 0S  is set as 1290 pN at 909 mM NaCl 
solution and 1280 pN at 50 mM MgCl2 solution.  The ionic effect of the persistence 




















AA BR , for MgCl2 at 37°C.               (4.12) 
Eqs. (4.11) and (4.12) are the corrected ones of the standard OSF formula for the ionic 
effects on the persistence length in Eqs. (4.2) and (4.3).  Also, the ionic strength c  
should be expressed in molar units and 0A  with the unit of Å is the nonelectrostatic 
persistence length measured at high ionic strengths.   
 
4.3.2 Results and Discussion      
 
According to the data in Table 4.1, the non-electrostatic values of elastic parameters 
can be given at high concentrations of buffer solutions, i.e. 0A = 46 nm and 0S = 1290 
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pN for 909 mM NaCl solution at 37°C; 0A = 47 nm and 0S = 1280 pN for 50 mM 
MgCl2 solution at 37°C.  Using Eqs. (4.11 – 4.12), the persistence lengths and 
effective lengths per charge of DNA for different salt solutions are determined by 
curve fitting with the experimental data. 
 
As shown in Table 4.2 and 4.3, for the ionic strengths ≥ 1 mM, the persistence lengths 
determined by the extensible WLC model and elastic moduli renormalization model 
are consistent with each other.  As the ionic strength increases, the effective length 
per charge decreases.  When the ionic strength of sodium solution increases from 9.09 
mM to 455 mM, the effective length per charge decreases from 0.39± 0.005 nm to 
0.19 ± 0.02 nm.  For magnesium salt solutions, the effective length per charge 
decreases from 0.73± 0.005 nm to 0.38± 0.004 nm when the ionic strength increases 
from 1 mM to 20 mM.  The ionic effects on the effective length per charge are 
consistent with the Manning and Poisson-Boltzmann theories for thin polyelectrolyte 
rods (Manning, 1969; Le et al., 1984).  The value of d  at 1 mM MgCl2 solution is 
very close to the Bjerrum length calculated from Manning theory, in which d  is 




The ionic effects on the elastic properties of DNA under tension are experimentally 
investigated using optical tweezers.  According to curve fitting of the experimental 
data with the extensible WLC model, the ionic effects on the persistence length and 
elastic stretch modulus of DNA are determined.  The results are consistent with the 
data given by Wenner et al. (2002).  It shows that when the ionic strength of sodium 
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or magnesium solution increases, the persistence length decreases while the elastic 
stretch modulus increases.  The OSF theory and elastic moduli renormalization model 
are also used to study the ionic effects on the persistence length of DNA.  The results 
calculated by these two theories are consistent with those from the extensible WLC 
model.  The effective length per charge of DNA is determined using the elastic 
moduli renormalization model.  It shows that the effective length per charge of DNA 
decreases when the ionic strength increases.  When the ionic strength is very low, say 
1 mM for MgCl2 solution, the effective length per charge of DNA is very close to 0.7 
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Table 4.2 Effects of sodium ionic strength on the persistence length of single DNA 
molecules (37˚C) calculated by the extensible WLC model and the elastic moduli 
renormalization model.   
 
Extensible WLC Model  Elastic Moduli Renormalization Model
     c [mM]       A [nm]           d [nm]        A(R) [nm]    
     0.909         71± 3     
     9.09          65± 3     
     45.5          51± 2     
     150           50± 4     
     455           50± 5     
     909           46± 4     
         -             -        
     0.39± 0.005       59± 5      
     0.36± 0.01        49± 3     
     0.24± 0.01        48± 4     
     0.19± 0.02        47± 4     
        -             46± 5     
 
 
Table 4.3 Effects of magnesium ionic strength on the persistence length of single DNA 
molecules (37˚C) calculated by the extensible WLC model and the elastic moduli 
renormalization model.   
 
 
Extensible WLC Model  Elastic Moduli Renormalization Model
    c [mM]         A [nm]           d [nm]        A(R) [nm]   
      0.1            57± 3     
       1            52± 4     
      10            50± 2     
      20            47± 5     
      50            47± 2     
        -              -         
     0.73± 0.005        57± 3     
     0.44± 0.006        49± 5      
     0.38± 0.004        48± 4     
         -             47± 3     
 




IONIC EFFECTS ON THE FIRST  
OVERSTRETCHING TRANSITION OF DNA 
 
Experimental studies conducted by Cluzel et al. (1996) and Smith et al. (1996) 
revealed that under a stretching force of ~65 pN, B-DNA in aqueous buffer is 
overstretched to form S-DNA which is about 70% longer than the contour length of 
B-DNA.  Moreover, the effects of ionic strength, pH (20°C) and temperature of NaCl 
solutions on the first overstretching transition have been investigated by several single 
molecule experiments (Smith et al., 1996; Wenner et al., 2002).  In this chapter, the 
sodium ionic effects on the first overstretching transition are restudied using optical 
tweezers at both the room (20°C) and physiological (37°C) temperatures.  
Furthermore, single λ-DNA molecules are stretched in MgCl2 solutions to study the 
magnesium ionic effects on the first overstretching transition.  In order to explain the 
experimental data, the modified ZZO model is proposed to study the electrostatic 
contribution of NaCl and MgCl2 solutions to the first overstretching transition.  The 
analytical method and Metropolis Monte Carlo method are then applied to solve the 
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5.1 Experimental Study of Ionic Effects on the First Overstretching Transition 
5.1.1 Effect of Sodium Ionic Strength 
 
Based on the procedure as described in Chapter 3, single λ-DNA molecule samples are 
stretched using optical tweezers in 0.909 mM to 909 mM NaCl buffer solutions at 
20°C and 37°C, respectively.  In Figure 5.1, the experimental data for at least five 
different λ-DNA molecules are shown for each salt solution.  The results show that 
DNA displays similar force-extension behaviors under different ionic strengths just 
before and after the first overstretching transition.  The width of each transition, 
which is the relative extension for the first overstretching transition, is also similar for 
each solution.  However, the heights of the overstretching transition for different 
solutions vary greatly.  The first overstretching transition force, which is defined as 
the force that stretches DNA halfway through this transition, increases as the ionic 
strength increases.  As shown in Table 5.1, when the ionic strength increases from 
0.909 mM to 909 mM, the first overstretching transition force increases from 45.8 pN 
to 69.0 pN at 20˚C and from 43.1 pN to 65.7 pN at 37˚C.  The experimental results at 
20˚C are consistent with those from Wenner et al. (2002).  The ionic effects on the 
first overstretching transition can be attributed to the electrostatic interactions in salt 
solutions to effectively reduce the repulsion between DNA strands.  Wenner et al. 
(2002) also suggested that it may be due to the more force-induced melting of base 
pairs in low ionic strengths than in higher ones.   
 
Figure 5.1 also shows that the first overstretching transition force is sensitive to 
temperature.  The force is larger at 20°C than at 37°C under the same ionic strength.  
Rouzina et al. (2001b) suggested that this may account for the force-induced melting 
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of DNA double helix.  Because the entropy of the flexible single strands is much 
higher than that of the rigid double helix, increasing the temperature may drastically 
reduce the duplex stability and speed its melting.  The temperature dependence of the 
first overstretching transition force may support that there are force-induced melting 





































Figure 5.1 Experimental results for stretching force vs. relative extension of single 
λ-DNA molecules in 909 mM (Δ), 150 mM (○), 9.09 mM (□), 0.909 mM (×) NaCl 
solutions (pH=7.3) at (A) T=20˚C and (B) T=37˚C. 
(A) 
(B) 




Table 5.1 Experimental data of the first overstretching forces at different sodium salt 
solutions and temperatures.   
 
 
The First Overstretching Force Fos [pN] 
At 20˚C* 
Concentration 

































* The experimental data at 20°C are from Wenner et al. (2002). 
 
 
5.1.2 Effect of Magnesium Ionic Strength 
 
As shown in Figure 5.2, the first overstretching transition force increases as the 
magnesium ionic strength increases.  The comparison of the first overstretching 
transition force vs. ion concentration under NaCl and MgCl2 solutions is given in 
Figure 5.3.  It shows that the relationships between the first overstretching transition 
force and ionic strength are similar for both NaCl and MgCl2 solutions.  When the 
values of ionic strengths are scaled to a natural logarithm, the first overstretching 
transition force osF  (unit: pN) is linear with ln c  (unit of c : mM).  Using the 
least-square fit, the relationship can be expressed by 
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cFos ln5.747 += , for 20°C NaCl,                  (5.1) 
cFos ln5.742 += , for 37°C NaCl,                  (5.2) 
cFos ln4.555 += , for 37°C MgCl2.                 (5.3) 
Eqs. (5.1) and (5.2) show that the increase of the first overstretching transition force in 
NaCl solutions at different temperatures are the same, but there is about 5 pN 
difference between these two cases.  However, as shown in Table 5.2, the effect of 
bivalent magnesium ions on the first overstretching transition force is much greater 
than that of sodium ions, e.g. the overstretching transition force in 100 μM MgCl2 
solution is nearly equivalent to that in 9.09 mM NaCl solution.  The effect of these 
two salt cations almost remains at the same constant value when the ion concentration 
is high enough, say >455 mM for NaCl and >20 mM for MgCl2.  This is probably due 



















Figure 5.2 Experimental results for force vs. relative extension of single λ-DNA 
molecules in 50 mM (Δ), 20 mM (○), 10 mM (□), 1 mM (×), and 100 μM (◊) MgCl2 
solutions (pH=7.3, T=37˚C). 















Figure 5.3 Comparison of the ionic effects on the first overstretching transition force 
for MgCl2 (▲) at 37˚C, NaCl (□) at 20˚C, and NaCl (■) at 37˚C (pH=7.3, T=37˚C).  
The lines are the linear fits to the experimental data.  
 
 
Table 5.2 Comparison of the first overstretching transition forces under different 
sodium and magnesium salt solutions at 37˚C. 
 
NaCl Solution MgCl2 Solution 
c [mM]       Fos [pN]   c [mM]          Fos [pN] 
   0.909         43.1± 2.2 
9.09          49.0± 1.4 
45.5          52.5± 1.5 
150           58.5± 2.1 
455           62.1± 2.9 
909           65.7± 2.2 
    0.1           48.1± 2.1 
    1             54.2± 1.2 
 10            60.5± 1.9 
 20            62.6± 1.9 
 40            63.1± 1.2 
 50            63.5± 1.8 
 70            64.2± 2.1 
 
Conce tr ti  ( l  c ) 
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5.2 Numerical Study of Salt Solution Effect on the First Overstretching Transition 
5.2.1 Modified ZZO model  
 
Zhou et al. (2000a, b) proposed a three-dimensional model, which is the ZZO model 
introduced in Chapter 2, to describe the first overstretching transition of single DNA 
molecules.  To simplify the calculation, S-DNA is assumed as a ladder-like structure 
and no base pair is broken during this transition.  This model can show the 
contributions of base-stacking interactions and steric effects of base pairs to the first 
overstretching transition.  However, the electrostatic interactions between the 
negatively charged groups along DNA strands are only taken into account together 
with the steric effects of base pairs by simply replacing with larger bending rigidity.   
 
In order to study the ionic effects on the first overstretching transition individually, the 
ZZO model is modified herein (Fu et al., 2005).  The modified ZZO model is 
different from the other modified ZZO model proposed by Dong et al. (2003), called 
Dong’s model, in three aspects.  Firstly, unlike Dong’s model, the cooperativity of 
base stacking interactions is considered in this modified ZZO model.  When a DNA 
molecule is stretched, some of B-form segments will change into S-form ones.  As a 
result of the cooperativity, these S-form segments tend to form several continuous parts.  
This will be helpful to the overstretching transition of B-DNA in a short range of 
forces.   
 
Secondly, Dong et al. (2003) consider the electrostatic interactions by modifying the 
base-stacking energy.  Because base-stacking interactions originate from the van der 
Waals attraction between adjacent nucleotide base pairs, they are different from the 
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electrostatic interactions which come from the cations in the solution and the anionic 
phosphates on the backbones.  Hence, in my model, the ionic effects are explicitly 
given by electrostatic energy as a function of the folding angle and the ionic strength, 
rather than modifying the base-stacking energy. 
 
Finally, Dong et al. (2003) take into account the change of hydrogen bond interactions 
which is caused by the relative sliding of two backbones.  In experiments, a long 
DNA molecule is stretched by trapping the beads attached on each end.  Three ways 
of attachment between a DNA molecule and beads have been explored by 
Clausen-Schaumann et al. (2000): two beads were attached with a DNA molecule by (a) 
both of its 3’ ends or both of its 5’ ends; (b) both strands with nicks; (c) the opposite 
ends of the same strand.  Although the hysteresis for each method is different, there is 
almost no difference in the force vs. extension curves of the DNA molecule during 
stretching among these methods.  Therefore, for a long DNA molecule, the variation 
of hydrogen bonds is neglected in the proposed modified ZZO model here. 
 
Similar to the ZZO model, the backbones of a DNA molecule in the modified ZZO 
model are modeled as two worm-like chains with a very small bending rigidity.  The 
base pairs are assumed to be rigid rods.  Thus, during stretching, possible 
deformations of the nucleotide base pairs are not permitted.  In this model, the folding 
angle is also used to account for the spatial effects of the double helix structure of 
DNA.  Therefore, the total bending energy of two backbones can be expressed as 





















sin ϕϕ ,            (5.4) 
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where ϕ  is the folding angle in the range [ ]2/,2/ ππ− , L  is the total contour 
length of each backbone, R  is the radius of B-DNA, s  is the arc length along the 
backbone, t  is the tangential vector of the central axis of DNA, and cK  is the 
bending rigidity of each backbone.  Because the base pairs can form disk-like 
structures and have a finite volume, which will increase the bending rigidity greatly, 
the model is refined by replacing cK  in the first term of Eq. (5.4) with a large 
value ∗cK .  Similarly, cK in the second term of this equation is replaced with another 
large value ∗∗cK  to show the cooperativity of base-stacking interactions. 
 
The base-stacking interactions, which originate from the van der Waals attraction 
between adjacent base pairs, are very important to stabilize the double-stranded DNA.  
In the modified ZZO model, this effect is described by the Lennard-Jones potential 
( ) dsE Lbs ∫= 0 ϕρ ,                          (5.5) 















































            (5.6) 
where 
00
cos/34.0 == fs ϕ nm is the backbone arc length between adjacent bases, 0ϕ  
is the parameter related to the equilibrium distance of a DNA dimmer, and 0ρ  is the 
base-stacking intensity which is base-sequence dependent.   
 
The energy caused by external stretching forces is  




f ϕcos00 ⋅−= ∫ ,                   (5.7) 
where f  is the external force and 0z  is the unit vector along the force direction. 
 
In addition to the above parts which have already been presented in ZZO model, there 
is also an energy induced by electrostatic forces as a function of the ionic strength and 
folding angle.  Based on the assumption that the solute in a solution of a strong 
electrolyte is completely dissociated into ions, and the medium is identical and infinite, 
the electrostatic potential ( )rU  of the solution with n  types of ions can be 
expressed by Poisson-Boltzmann equation (Rice et al., 1961) 








π ,              (5.8) 
where r  is the position vector, iz  is the valence of i th type of ions, ic  is the bulk 
concentration of i th ion; ε  is the dielectric constant of the solution and e  is the 
proton charge.  Using the power series technique, the right-hand side of Eq. (5.8) can 
be expanded into the following form (Rice et al., 1961) 







I ruAru ,                        (5.9) 


















11 !/1 , and ( ) ( ) TkreUru B/=  is the dimension-  
less equilibrium electrostatic potential.  For a long DNA, the molecule can be 
modeled as an infinite cylinder with negative charges on the surface (Xiao et al., 1994).  
When ( ) 1<<ru , Eq. (5.9) can be approximately expressed by the first-order term, 
which is assumed as the Debye-Hückel formula 
                   ( ) ( ) ( )rururru 21 κ=′+′′ − ,                   (5.10)            
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where r  is the radial distance between the central axis of the cylinder and the 
position r .  The boundary conditions are ( ) 100 2' −∗= rqru  and ( ) 0=∞u , where 0r  
is the radius of the cylinder, κ  is the inverse of the Debye length, 
( ) ( )Tken Bεκ /20= , 0n  is the ion density, dlq D /=∗  is the dimensionless negative 
charge per unit length on the cylinder, ( )Tkel BB ε/2= , and d  is the average 
distance along the DNA central axis between two elementary charges.  For a random 
folding angle ϕ , we have ϕcosld = , where Bdl ϕcos/= nm is the arc length 
between the two elementary charges of B-DNA, and Bϕ  is the folding angle of 
B-DNA.  The result of Eq. (5.10) is given by Frank-Kamenetskii et al. (1987) 
( ) ( )[ ] ( )κκκ 0010102 rKrKrqru −∗−= ,                   (5.11) 
where ( )κ00 rK and ( )κ01 rK are the modified Bessel functions.  When 1<<κr , 




2ln2 .                          (5.12) 
Because the ions are surrounding DNA along the chains, the electrostatic energy of 
DNA is 
( ) ( ) dsrUE Lele ∫ ⋅−= 0 λ ,                      (5.13) 
where λ−  is the linear negative charge density along the arc length of the DNA chain.  
Since ( ) ( ) eTkrurU B /= , ( )ϕε cos// 2 lTkedlq BB ==∗ , and ( ) ( )Tkce Bεπκ /8 2=  












0∫ −= ,              (5.14) 
where c  is the ion concentration. 
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0∫ −= .               (5.15) 
Assumed that le ελμ /= , ( )Tkre Bεπω /2 22=  for NaCl solution, or 
( )Tkre Bεπω /6 22=  for MgCl2 solution, and ( ) ( ) ϕωμϕ cos/ln cI −= , we have  
( ) ( )∫∫ −== LLele dscdsIE 00 cosln ϕωμϕ .                (5.16) 
Therefore, the total energy can be given as 





















cossin ϕϕϕρϕϕ . (5.17) 
 
In this equation, the bending energy of DNA central axis (the first term), the folding 
energy of the backbones (the second and third terms), the base-stacking energy (the 
fourth term), the electrostatic energy (the fifth term), and the work done by external 
forces (the sixth term) are all included.  The spatial effect ( ∗cK ) and the cooperativity 
of base-stacking interactions ( ∗∗cK ) are also considered. 
 
5.2.2 Analytical Results  
 
In this section, the path integral method developed by Zhou et al. (2000a, b) is used to 
solve Eq. (5.17) and the ionic effects on the force-extension relationship of DNA under 
stretching forces is given.   
 
First, an auxiliary function ( )st ,,ϕΨ , which is called wave function because of its 
similarity to the true wave function in quantum system, is defined.  The Green 
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equation can be given to govern the evolution of the wave function ( )st ,,ϕΨ . 






















                              






,,cos 0 ϕϕϕϕρ Ψ⎥⎦
⎤⋅++− ,      (5.18) 
where TkKl Bcp /= , TkKl Bcp /* ∗=  and TkKl Bcp /∗∗∗∗ = .  Because the spectrum of 
this Green equation is discrete, its base function can be written into the combination of 
( )tYl 0  and ( )ϕ~nf , where 2/~ πϕϕ +=  (i.e. the range of ϕ~  is from 0 toπ ) 
( ) ( ) ( ) ( )∑=Ψ
nl
nlnl ftYsCst ϕϕ ~,~, 0 ,                 (5.19) 
where ( )ϕ~nf  are the eigenfunctions of a one-dimensional infinitely deep square 
potential well of width a , i.e.  ( ) ( )anafn /~sin/2~ ϕπϕ ⋅= , ( )tYl0  are the spherical 
harmonics: ( ) ( ) ( ) ( )ϑπψϑ cos4/12,00 lll PlYtY +== , where ϑ  and ψ  are the two 
directional angles of t , and lP  is the l th Legendre polynomial.  It can also be 
written into 
( ) ( )ϕψϑ ~,; 0 nl fYnli == .                    (5.20) 
Therefore, Eq. (5.17) can be expressed to the matrix form 















                              [ ] 211,0,11,0, ~sin2121 nnaaTk f llllllB ϕδδ −−+ +−  












ϕϕϕρδ +++ ,   (5.21) 
where ( )ϕρ ~  is the base-stacking energy density defined by Eq. (5.6), ( )ϕ~I  is the 
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electrostatic energy density determined by Eq. (5.16), ( ) ( )( )3212/1 20, +++= lllal , 
21 , nn =1,2,3…, nN  (with nN =60) and 21 , ll =0,1,2,…, lN -1 (with lN =30).  To 
avoid the divergence of the integral at πϕ =~ , we set π98.0=a .  It can be checked 
that the results are almost identical for other values of ο165≥a . 
 
By the diagonalization of Eq. (5.21), the ground-state eigenvalue 0g  can be 






∂=⋅= ∫ 00 0 cosϕ .               (5.22) 
The experimental data for the ionic effects of sodium and magnesium salt solutions on 
the force vs. extension of DNA at the room temperature are used to do the curve fitting 
of Eq. (5.22).  The parameters in the modified ZZO model are set to be 5.1=pl  nm, 
2.46* =pl nm, ∗∗pl =4.6 nm, ο600 =θ , 6.0=r nm, 1=R nm, 6.0=μ pN.  There are 
to parameters changed when salt concentration is changed: TkB8.70 =ρ , ω =6.3 M-1 
for NaCl solution at 37°C, and 33.0=μ  pN, TkB4.80 =ρ , ω =19 M-1  for MgCl2 
solution at 37°C.  ∗∗pl  is related to the slope and width of the overstretching transition 
curve.  μ  and 0ρ  determine the overstretching transition force under various ionic 
strengths.  These two parameters are different between sodium and magnesium salt 
solutions.  This is due to the different ways of sodium cations and magnesium cations 
binding with DNA.  Studies have shown that univalent cations (Na+) tend to interact 
with DNA electrostatically and non-specifically. Therefore, the distribution of sodium 
cations along DNA can be assumed to be linear.  However, the interactions between 
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divalent cations (Mg2+) and DNA are very complicated and dependent on the sequence 
and groove of DNA (Chiu et al., 2000).  Thus, the above values of μ  and 0ρ  for 
magnesium salt solutions are only the effective values when the distribution of 
magnesium cations is approximately simplified as a linear distribution.  Because there 
is larger entropy in stretched DNA than in normal B-DNA, 0ρ  in this modified ZZO 
model is smaller than that in the ZZO model.  Note that ω  is chosen so as to match 
with the ZZO model at physiological conditions.   
 
Figures 5.4 ─ 5.5 show the comparison of the analytical results and experimental data 
for DNA behavior under stretching forces in NaCl and MgCl2 solutions with different 
ionic strengths.  The DNA molecule nearly displayed a linear elastic behavior in the 
force range of 10 – 50 pN.  After that, DNA shows a nonlinear behavior.  When the 
force further increases, the first overstretching transition occurs.  The transition force 
is dependent on the ionic strengths.  As shown in Table 5.3, the analytical results 
show that the first overstretching force changes from 42.8 pN to 66.5 pN with the 
increase of sodium ionic strength from 0.909 mM to 909 mM at 37°C.  Table 5.4 also 
shows that when the magnesium ionic strength increases from 0.1 mM to 50 mM at 
37°C, the first overstretching transition force increases from 48 pN to 63.2 pN.  The 
analytical results show that the contribution of electrostatic interactions between the 
negatively charged phosphate groups on DNA chains and the cations in the buffer 
solutions can greatly affect the first overstretching transition force.  Because the 
cations surrounding the double helix can neutralize the charges of anions in DNA 
chains, the repulsion interactions of DNA chains will be decreased and DNA molecule 
tends to stack together.  When the ionic strength is higher, this trend is stronger and 
thus more force is needed to stretch it to S-DNA.  The consistency between the 
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experimental and analytical results also suggests that the modified ZZO model is 
applicable to simulate the transition behavior of DNA in both NaCl and MgCl2 
solutions with different ionic strengths.  However, the analytical curve cannot 
perfectly agree with the experimental results at the end of the first overstretching 
transition.  This may be due to the assumption of inextensible DNA chains and rigid 
base pairs in this model.  In the studies of Bustamante et al. (1994), Williams et al. 
(2001 and 2002), Wenner et al. (2002) and Cocco et al. (2004), they showed that there 
are some DNA base pairs melting during the first overstretching transition.  The 
melted DNA has various elastic properties and lengths from B-form DNA.  Therefore, 
there is some difference between the numerical results and experimental data. 
 
Since the first overstretching transition of DNA is an equilibrium process, Monte Carlo 
Method also can be used to simulate this transition.  In the next section, the ionic 
effect of NaCl solution at 37°C on the first overstretching transition of DNA is taken as 
an example to analyze the modified ZZO model using the classical Monte Carlo 
























Figure 5.4 Comparison of experimental and analytical results for the force vs. 
extension of single DNA molecules in NaCl solutions.  Experimental results in 
909mM (Δ), 150mM(○), 9.09mM(□), 0.909mM(×) and analytical results in 909mM 




















Figure 5.5 Comparison of experimental and analytical results for the force vs. 
extension of single DNA molecules in MgCl2 solutions.  Experimental results in (Δ), 
20mM(○), 10mM(□), 1mM(×), and 100μM(◊) and analytical results in 50mM (─), 
10mM(--), 1mM(…), 100μM (-.-) for MgCl2 solutions (pH=7.3, T=37˚C). 
 




Table 5.3 Comparison of experimental and analytical results for the first overstretching 
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Table 5.4 Comparison of experimental and analytical results for the first overstretching 




The First Overstretching Force Fos [pN] 
Concentration 
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5.2.3 Metropolis Monte Carlo Simulation  
5.2.3.1 Discrete Modified ZZO Model 
 
In the MMC simulation, DNA is modeled as a chain of N  discrete rigid segments or 
two discrete wormlike chains constrained by base pairs of fixed length 2 R , where R  
is the radius of DNA (Figure 5.6).  The conformation of each straight segment is 
specified by the space positions at its vertex, ( )iiii zyxr ,,= , i =0,1,2… N .  The 
structure for the sugar-phosphate backbones around the central axis is defined by the 
folding angle iϕ .  The folding angle for each segment is assumed to be the same.  
In three-dimensional Cartesian coordination system, the total energy of Eq. (5.17) can 
be discretely expressed by  

























2 tansin/ ϕϕϕϕαθα  




0 ϕϕ ,                           (5.23) 
where N  is the total number of segments, bpN  is the total number of base pairs, iθ  
is the bending angle between ( )1−i th and i th segment, TkB74.1=∗α  is the 
bending constant from ∗cK , TkB174.0=∗∗α  is the bending constant from ∗∗cK , 0s  
is the arc length of backbone between adjacent base pairs, ( )Nz  is the total extension 
of DNA central axis in the direction of external force.  ( )jI ϕ  is the electrostatic 
energy density determined by Eq. (5.16).  ( )jV ϕ  is the base-stacking potential, which 
can be expressed by ( ) ( ) 0sV jj ϕρϕ =  where ( )jϕρ  is the base stacking energy 
density and determined by Eq. (5.6). 
 




Figure 5.6 Schematic diagram of discrete modified ZZO model (Zhang et al., 2000). 
 
Because each segment of this model is assigned the same number of base pairs, the 
length of i th segment 
00
cos/cos ϕϕ ii ss Δ=Δ , where 0sΔ  is the length of one 
segment of a relaxed B-DNA, 
0
cosϕ  is the thermal average for a relaxed B-DNA.  
Suppose that we have N  discrete segments to simulate a DNA molecule with n  
Kuhn statistical length.  Thus, the length of nNm /=  segments corresponds to one 
Kuhn statistical length.  The discrete DNA model will become continuous only when 
m  reaches infinity.  However, the CPU time needed for the simulation is quite large 
for this case since the computing time increases approximately as 2N .  Therefore, it 
is necessary to choose a proper m  value which is large enough to ensure the 
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al. (2000) and Vologodskii et al. (1992) showed that the numerical results do not 
depend on m  if >m 8.  Therefore, the length of m =8 segments may be set as one 
Kuhn statistical length.  For a relaxed B-DNA, the Kuhn Length is twice of the 
persistence length according to WLC model.  The Kuhn length here is set to be a 
constant 106 nm which is determined by the single molecule experiment done at 
physiological conditions.  Therefore, we have =Δ 0s 13.25 nm and 
0
cos/cos25.13 ϕϕ iis =Δ . 
 
5.2.3.2 MMC Method 
 
The principles of Metropolis Monte Carlo (MMC) method is shown in Figure 5.7 
(Newman et al., 1999).  At the initial force, a random conformation of DNA molecule 
is given and the initial energy 0E  can be calculated using Eq. (5.23).  A trial 
conformation of the DNA molecule is then generated by a random movement.  In 
Figure 5.8, three kinds of movements are recommended by Zhang et al. (2000).  In 
Movement A, the folding angle of a random chosen segment is modified by a small 
angle 1λ  and changed to 1' λϕϕ += ii .  The length of the chosen segment isΔ  is 
also changed to a new length 'isΔ .  The coordinates of the vertices for all the 
segments from i th to N th are changed correspondingly.  In Movement B, random 
chosen segments are rotated around a random axis by a random small angle 2λ .  The 
folding angles and lengths of segments remain the original values.  In Movement C, a 
random vertex is chosen and the segments between this vertex and the free end are 
rotated around a random axis by a random small angle 3λ .  All the three kinds of 
possible movements are reversible.  Movement A is related to the twist and stacking 
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energy.  Movement B only changes the bending energy, whereas Movement C can 
modify both bending energy and extension of the DNA chain.  Because in our 
experiments, single DNA molecules are stretched without twisting, Movement A is not 
included in the simulation.  Therefore, the other two movements are performed with a 
half probability for each one.  The values of 2λ  and 3λ  are uniformly distributed in 
the interval of ( )0202 ,λλ−  and ( )0303 ,λλ− , respectively.  The values of 02λ  and 03λ  are 
chosen so that half of the trial conformations are accepted.  Although the geometric 
limitation of the folding angle is π /2, 85° is used to avoid the possible divergency in 
the numerical simulation.  Moreover, when the folding angle is beyond the interval 
[-85°, 85°] from any side, it would re-enter the interval from the other side according 
to the periodicity assumption. 
 
At the first force step, the energy 1E  for the new conformation generated by the 
random movement is calculated and compared with the initial energy 0E .  If the new 
energy is larger than the initial one, we should abandon this new configuration and try 
another movement.  If 01 EE <  or ( )[ ]TkEE B/exp 10 −  is larger than a random 
number between 0 and 1, we accept the new configuration and calculate the extension 
value of DNA chain along the direction of stretching force.  Subsequently, based on 
the new configuration, another random movement is applied to repeat the above 
procedure until the last MMC step.  If the acceptance rate is 50%, the average 
extension is obtained for a certain stretching force.  The energy 1E  at the last MMC 
step is set as the initial energy 0E  for the second force step.  The procedure at the 
first force step is repeated.  Thus, the average extension for the second force step is 
obtained at 50% acceptance rate.  For each force step, the procedure is repeated and 
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the average extension is determined until the last force step.  Therefore, the force vs. 
extension relationship can be given by MMC simulation. 
 
5.2.3.3 MMC Simulation Results 
 
The experimental and numerical results for the dependence of sodium ion 
concentrations on the first overstretching transition of single DNA molecules are 
shown in Figure 5.9.  The corresponding overstretching transition forces are 
summarized in Table 5.5.  When the sodium ionic strength increases from 0.909 mM 
to 909 mM, the overstretching transition force increases from 43.01 pN to 66.02 pN.  
The first overstretching transition force is linearly related to the natural logarithm of 
sodium ionic strength.  This relation suggests that the first overstretching transition 
force is sensitive to the changes of sodium salt solutions at low ionic strengths.  When 
the ionic strength is high enough, say larger than 455 mM, the first overstretching 
transition forces only vary a little even for large change of ionic strength.  Because 
DNA strands are consisted of many base pairs, it is more suitable to model DNA as a 
discrete chain than a continuous one.  Therefore, the numerical results calculated 
from the discretely modified ZZO model are more consistent with the experimental 
measurements than the results from the continuous model in Section 5.2.1.  It shows 
that the modified ZZO model is able to simulate the effects of electrostatic interactions 




In this chapter, the ionic effects of NaCl and MgCl2 solution on the first overstretching 
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transition of DNA are experimentally investigated using optical tweezers.  The first 
overstretching transition force is shown to increase when sodium or magnesium ionic 
strength increases.  The modified ZZO model is proposed to study the ionic effects on 
the first overstretching transition of DNA.  Bending deformation of DNA backbones, 
cooperativity of base-stacking interactions, electrostatic interactions and spatial effects 
of DNA double helix structure are all taken into account in this model.  The key 
contribution of this model is that the electrostatic energy is explicitly given as a 
function of folding angle and ionic strength.  This model also introduces a new 
parameter to account for the cooperativity of base-stacking interactions.  Analytical 
method and MMC method are applied to analyze this model.  The results of these two 








































Figure 5.7 Flow chart of Metropolis Monte Carlo method. 
                       
No
Give a small random motion to 
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Figure 5.9 Comparison of experimental and numerical results for sodium ionic effects 
on the first overstretching transition of single DNA molecules at 37ºC (pH=7.3).  
Experimental results in 909mM(Δ), 150mM(○), 9.09mM(□), 0.909mM(×) and 
numerical results in 909mM(--), 150mM(─ ), 9.09mM(…), 0.909mM(-.-) NaCl 
solutions. 
 
Table 5.5 Comparison of experimental and numerical results for the first overstretching 
forces under different sodium salt solutions at 37°C. 
 
The First Overstretching Force Fos [pN] Concentration 























THE SECOND OVERSTRETCHING  
TRANSITION OF DNA 
 
In this chapter, the ionic effects of NaCl solutions on the second overstretching 
transition of single λ-DNA molecules are investigated experimentally using optical 
tweezers.  Following Cocco et al. (2004), the three-state Ising-like model is used to 
study the mechanical properties of DNA during this transition.  Furthermore, the 
effects of DNA sequence and stretching speed on the second overstretching transition 
are investigated using the kinetic three-state Ising-like model.  The numerical results 
of the kinetic three-state Ising-like model are consistent with the experimental data 
given by Rief et al. (1999).   
 
6.1 Experimental Study of Ionic Effects on the Second Overstretching Transition 
 
A conformation transition which is called the second overstretching transition has been 
found following the first overstretching transition (Rief et al., 1999; Clausen- 
Schaumann et al., 2000).  According to the ssDNA-like re-anneal curve during the 
force relaxation process, Rief et al. concluded that DNA double helix would melt into 
single strands during this transition.  Unlike B-S transition, the second overstretching 
transition is a nonequilibrium process and exhibits an obvious force-loading-rate 
dependence.  As revealed by their experiments, both the first and second 
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overstretching transitions depend on DNA sequence.  For example, the overstretching 
transition forces are significantly lower for poly(dA-dT) DNA than poly(dG-dC) DNA.  
Based on the different hysteresis curves of DNA for 1 M NaCl, 10 mM NaCl and 
Tris-EDTA buffer solutions, DNA double helix is found to be stable under high salt 
buffer solutions but is destabilized by low salt buffer solutions.  This effect is 
supported by the “force-salt phase diagram” developed by Cocco et al. (2004).  This 
phase diagram also predicts the possible transition forces among B-DNA, S-DNA and 
ssDNA structures in the NaCl buffer solutions from 1 mM to 1 M.  However, the 
ionic effects on the second overstretching transition forces have not been well 
understood by experiments.   
 
In this research, in order to study the ionic effects on the second overstretching 
transition force, single λ-DNA molecules are stretched under different salt solutions, 
which are 136 mM, 45.5 mM, 9.09 mM and 1.82 mM NaCl solutions with 10 mM Tris 
(pH=8) and 1 mM EDTA at 37°C.  Because of the force limitation of the optical 
tweezers used in this experiment, the highest ionic strength for NaCl buffer solutions is 
136 mM.   
 
Figure 6.1 shows the effects of sodium ionic strength on the relative extension of DNA 
under stretching force.  Similar to the first overstretching transition force, the second 
overstretching transition force, which is the force at the midpoint of the second 
overstretching transition, increases when the ionic strength increases.  For example, 
the second overstretching transition force is 83.6 pN and 95.7 pN for 45.5 mM and 136  
mM NaCl solutions, respectively.  It shows that the electrostatic repulsion between 
CHAPTER 6 THE SECOND OVERSTRETCHING TRANSITION OF DNA 
 102


























Figure 6.1 Effects of sodium ionic strengths on the first and second overstretching 
transitions of single DNA molecules in 136mM(Δ), 45.5mM(О), 9.09mM(×), and 
1.82mM(□) NaCl with 10mM Tris (pH=8), 1mM EDTA buffer solutions at 37°C.   
 
the negatively charged phosphate groups along the backbone of double helix can be 
more effectively reduced by high salt solutions than lower ones.   
 
Figure 6.1 also shows that the second overstretching transition curve is less 
pronounced at low ionic strengths than at higher ones.  At high ionic strengths such as 
45.5 mM and 136 mM the first overstretching transition is followed by the second 
overstretching transition, whereas at low ionic strengths such as 9.09 mM and 1.82 
mM, it seems that there only exists the first overstretching transition.  This effect is 
consistent with earlier findings discovered by Clausen-Schaumann et al. (2000) that 
the overstretching transition is indistinct in 10 mM NaCl and NaCl-free buffer 
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solutions when compared to the transition obtained in 1 M NaCl.  This may suggest 
that DNA double helix is unstable at low ionic strengths and many base pairs may melt 
even during the first overstretching transition. 
 
6.2 Numerical Study of Ionic Effects on the Second Overstretching Transition 
6.2.1 Possible DNA Structures during Overstretching Transitions 
 
As shown in the previous section, B-DNA may change into S-DNA during the first 
overstretching transition and ssDNA-like structure during the second overstretching 
transition.  However, until now the precise conformation of S-DNA remains unknown.  
Many hypotheses of S-DNA structure such as ladder-like structure (Lebrun et al., 
1996), force-induced melting structure (Rouzina et al., 2001a, b) and unpeeled 
structure (Smith et al., 1996) have been proposed.  The ladder-like structure assumes 
that S-DNA is an unwound B-DNA molecule without any broken base pair.  This 
ladder-like structure is quite simple and has been used in the ZZO model (Zhou et al., 
2000a, b; Zhang et al., 2000) and also the modified ZZO model (Fu et al., 2005) 
introduced in Chapter 5.  Although this structure can provide a straight view of B-S 
transition, it is difficult to explain the second overstretching transition.  Also, some 
experiments have shown that the force vs. extension curves of single DNA molecules 
often display hysteresis during the force relaxation process, i.e. B-S and S-B transitions 
are not coincident with each other in the same stretch-relaxation cycle  
(Smith et al., 1996; Clausen-Schaumann et al., 2000; Wenner et al., 2002). 
 
One possible reason for the hysteresis phenomenon may account for the force-induced 
melting of DNA.  This theory was proposed by Rouzina et al. (2001a, b) and applied  
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Figure 6.2 Schematic diagram of force-induced melting DNA model for the first 
overstretching transition (Wenner et al., 2002). 
 
by Wenner and Williams (2001, 2002) to analyze the experiments of DNA 
overstretching transitions in different salt conditions.  In their theory, the 
stretch-relaxation cycle consists of three stages (Figure 6.2).  In the first stage from A 
to B, when DNA is stretched by forces less than the first overstretching transition force, 
the base pairs remain paired and the double helix structure is intact.  During the 
cooperatively overstretching transition, an equilibrium melting process occurs and 
there are a small number of base pair melting domains in some weak parts of DNA 
double helix.  In the second stage from B to C, the remaining base pairs are broken 
and only short helical domain boundaries hold the largely melted strands together.  In 
the third stage from C to D, as the molecule is relaxed, the base pairs may not bind 
immediately especially in low ionic strength solutions because the electrostatic 
repulsion prevents the strands from proper reannealing.  In their experiments, they 
use the DNA molecules containing the minimum number of single-stranded nicks so 




Figure 6.3 Schematic diagram of the fraying model for the first overstretching 
transition (Smith et al., 1996). 
 
that any damage of the strand is ignored during this process.  This theory concludes 
that the first overstretching transition is a force-induced melting transition rather than a 
transition from B-DNA to a ladder-like S-DNA structure.  At the end of the first 
overstretching transition, DNA should be essentially two parallel-separated strands, i.e. 
two ssDNA molecules without interactions. 
 
Another possible explanation for hysteresis is the fraying model proposed by Smith et 
al. (1996).  As shown in Figure 6.3, the presence of nicks on single DNA strand may 
unpeel the DNA double helix during the first overstretching transition.  Two forms for 
the fraying model are shown on the dependence of ionic strengths.  In high ionic 
strength solutions, the DNA double helix unwinds and forms a parallel ladder structure 
(Figure 6.3 B) or retains some partial stacking to form a “skewed ladder” structure 
(Figure 6.3 B’).  The hysteresis phenomenon of DNA molecule in this case is quite 
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small.  In low ionic strength solutions, the base pairs near the nicks melt and the 
corresponding strands unpeel (Figure 6.3 C).  When the tension is released, the intact 
parts of DNA molecule can rapidly recover to B-DNA but the unpeeled parts take 
several minutes to reannealing (Figure 6.3 D).  The fraying model shows that the 
structure of DNA after the first overstretching transition is essentially a mixture of 
single ssDNA and (skewed) ladder-like structure. 
 
In order to test the fraying model, Smith et al. (1996) developed an experiment using 
cross-linked λ-DNA.  In their experiment, the strands of λ-DNA are cross-linked with  
4,5’,8-trimethyl psoralen at every 20th base pair.  The first overstretching transition 
also occurs and the force vs. extension relationship is similar to the one using 
non-cross-linked λ-DNA.  The intercalated psoralen eliminates the hysteresis in high 
ionic strength solutions, whereas the hysteresis behavior reappears in cross-linked 
molecules at low ionic strength solutions.  This experiment proves the fraying model 
of DNA in which there would be melted base pairs and unpeeled single strand during 
the first overstretching transition. 
 
Cocco et al. (2004) determined that the spring constant per base (280/0.34 pN/nm) of 
single ssDNA molecule is less than one-fifth that of the structure at the end of the first 
overstretching transition.  This may suggest that S-DNA is not an essential ssDNA 
structure.  This conclusion also can be proved by comparing the force vs. relative 
extension curves of ssDNA and dsDNA.  As shown in Figure 6.4, although the curve 
of DNA at the end of the first overstretching transition is close to that of ssDNA, the 
two curves apart from each other for further extension of the molecule.  It means that 
S-DNA is not a simple ssDNA and cannot be easily modeled using the properties of 






















Figure 6.4 Force vs. relative extension curves of ssDNA and dsDNA for λ-DNA with 
16.4 μm contour length in 150 mM NaCl, 10 mM Tris, and 1 mM EDTA buffer 
solution at room temperature (20°C).  Experimental data for ssDNA are reproduced 
from Smith et al., 1996. 
 
single ssDNA molecule.  Moreover, S-DNA cannot be modeled as two parallel 
ssDNA molecules.  If two parallel ssDNA are stretched to 1.7 times of B-DNA 
contour length, the force should be double that of single ssDNA.  The spring constant 
of two parallel ssDNA molecules is only about one-third of S-DNA (Cocco et al., 
2004).  Therefore, Cocco et al. (2004) proposed that S-DNA has essentially 
interacting strands, which is neither double helix nor single-stranded form. 
 
After considering the ideas of Cocco et al. (2004), the possible structure of DNA at the 
end of the first overstretching transition is shown in Figure 6.5.  It suggests that 
S-DNA may be a mixture of partially or fully unwound B-DNA, single ssDNA and 
two-parallel ssDNA molecules.  The conformation transition for DNA structure under 
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stretching may consist of three stages.  In the first stage A, when the force is far 
below the first overstretching transition force, the base pair remains paired and the 
double helix remains intact even though there are some nicks on the single strand.  
The chemical structure of DNA is being altered and the elastic response of DNA 
molecule is not merely entropic.  With the increase of stretching force, some base 
pairs may unwind and extend to form (skewed) ladder-like structure.  This process is 
dependent on the sequence of DNA.  Some base pairs in the G-C rich regions may 
still remain B-form structure.  When the length of DNA is a little more than the 
contour length of B-DNA, the first overstretching transition occurs in stage B.  
During this transition, more and more base pairs may unwind to form (skewed) 
ladder-like structures.  Some base pairs in A-T rich regions may melt and two-parallel 
ssDNA may form.  The nicked strand would unpeel and DNA in this region behaves 
as a single ssDNA molecule.  At the end of the first overstretching transition, it is 
assumed that there is no B-form structure in the molecule.  The proportions of 
S-DNA, two-parallel ssDNA, and single ssDNA structures are dependent on the DNA 
sequence, number and position of nicks and salt conditions.  In stage C, as the force 
further increases, S-DNA would melt or unpeel to form an essentially single ssDNA 
molecule and the second overstretching transition occurs.  This transition should be 
dependent on the DNA sequence, number and position of nicks, velocity of stretching 
force and salt conditions.   
 
The experimental results in Figure 6.1 can be explained by this conformation transition.  
Because the electrostatic interactions in high salt solutions can stabilize the B-DNA 
structure, more force is needed to unwind B-DNA to form S-DNA in high salt 
solutions than in lower ones.  For low salt solutions, because a large number of 





Figure 6.5 Schematic diagram of the conformation transition of DNA under stretching. 
 
base pairs have melted during the first overstretching transition, the second 
overstretching transition may not be obvious.  On the other hand, the speed of base 
pair melting or single strand unpeeling which is related to DNA sequence and force 
speed can also affect the second overstretching transition.  Following Cocco et al. 
2004, the three-state Ising-like models are used to analyze the effects of salt conditions, 
DNA sequence and stretching speed on the second overstretching transition of DNA. 
 
6.2.2 Three-state Ising-like Model 
 
In the three-state Ising-like model, DNA is assumed as a mixture of B-DNA, S-DNA 
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response of B-DNA and S-DNA can be described by an extensible WLC model.  The 
relationship between stretching force and molecule extension in the extensible WLC 




















,              (6.1) 
where f  is the stretching force, x  is the extension per base pair (bp) in the direction 
of f , Bk  is the Boltzman constant, T  is the absolute temperature, L  is the 
contour length per bp, A  is the persistence length and S  is the elastic stretch 
modulus. 
 
The behavior of ssDNA is quite different from that of B-DNA.  A single ssDNA 
molecule has less extension than B-DNA with the same sequence at low forces and 
there is no overstretching transition for ssDNA.  This effect may be due to the 
competition between long-ranged Coulomb self-repulsion along the ssDNA backbone 
and short-ranged self-adhesion of the base pairs (Zhang et al., 2001; Dessinges et al., 
2002).  Therefore, in the three-state model, the extension of ssDNA is described by 
the extensible freely jointed chain (FJC) model, which is governed by the relation 
















1coth ,                  (6.2) 
where b  is the Kuhn length.  This linear model can fit well to the experimental 
measurements of ssDNA made by Smith et al. (1996) and Clausen-Schaumann et al. 
(2000) when the stretching force is less than 100 pN.  Beyond 100 pN, the nonlinear 
enthalpic contributions, such as extreme angle deformations or length variations of 
strands, become important to the mechanical response of ssDNA.  Instead of the 
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extensible FJC model, the phenomenological model developed by Cocco et al. (2004) 
is applicable.  This model is constructed in accordance with the logarithmic 
dependence of DNA extension on stretching forces in NaCl solutions.  The extension 














ffahxss ,               (6.3) 
where h =0.34 nm, 1a =0.21, 2a =0.34, 1f =0.0037 pN and 2f =2.9 pN.  The 
parameter ( ) ( ) 1.00025.0/15.0ln/0025.0/ln1.23 −= Ma  is dependent on the NaCl 
ion concentration (in Mol/liter).  In this formula, ( )1/ln ff  provides the logarithmic 
character of force vs. extension curves and the denominator of the second part 
expresses the reduction in contour length generated by short-ranged self-adhesion of 
base pairs at low forces.  The parameter 3a  can be used to adjust the strength of this 
effect depending on ion concentrations.  This model may represent the experimental 
results for stretching forces up to 200 pN and for NaCl solutions from about 1 mM to 1 
M.  To simulate the experimental data in Figure 6.1, the extensible FJC model is used 
for the 1.82 mM NaCl solution because the ionic strength is quite close to 1 mM and 
the maximum stretching force in this case is less than 80 pN.  The phenomenological 
model is applied for the other solutions, which are 9.09 mM, 45.5 mM and 136 mM 
NaCl solutions. 
 
Each base pair i ( i =1,2…N, N is the total number of base pairs in the molecule.) is 
assumed to take one of the three states ib , i.e. B-DNA ( ib =0), S-DNA ( ib =1) and 
ssDNA ( ib =2).  The mechanical properties of each base pair can be described by the 
free energies, which include the internal free energy of base pair, the boundary energy 
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for B-S or B-ss or S-ss transition, and the work done by stretching forces.  The total 
free energy for the molecule under force f  is 















1 δδδδ  
[ ] }
2,12,2,12,1,11,
1 +++ −∞+++ iiiiii bbbbissbbS GG δδδδδδ .             (6.4) 
In the first term of Eq. (6.4), C  is the boundary energy of B-S, B-ss, or S-ss transition.  
The boundary energy for each transition is independent and should be different from 
each other.  In order to simplify the model, all the boundary energies are assumed to 
be the same here.  Blade et al. (1999) showed that the boundary energy is related to 
the cooperativity parameter which is about 10-5 in DNA melting problems.  Therefore, 
the boundary energy in Eq. (6.4) is estimated to be 5 TkB  so that the cooperativity 
parameter is 5105.4)/2exp( −×=− TkC B .  ( )fG Bf , ( )fG Sf , and ( )fG ssf  are the free 
energy of B-DNA, S-DNA and ssDNA under stretching.  At force f , the 
contribution of extension to the free energy per bp can be expressed as 
( ) ∫−= ff xdffG 0 ,                       (6.5) 
where x  is the extension of B-DNA or S-DNA or ssDNA and can be determined by 
Eqs. (6.1) to (6.3).   
 
In Eq. (6.4), SG  is the free energy of S-DNA relative to that of B-DNA.  It is well 
known that the stacking interaction between neighboring base pairs are the main 
interaction to stabilize B-form DNA double helix (SantaLucia 1998; Blade et al., 1999; 
SantaLucia et al., 2004).  During the transition from B-DNA to S-DNA, partial 
stacking interactions may be destroyed.  The expression of SG  is dependent on the 
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temperature and ionic strength and can be given by 0.16760 += SS GG kBT  log(c/0.15) 
(SantaLucia, 1998), where c  is the ion concentration for NaCl solutions and 0SG  is 
the free energy of S-DNA relative to that of B-DNA in 150 mM NaCl, 10 mM Tris 
(pH=8), 1 mM EDTA buffer solution at a certain temperature.  0SG  is set as 2.8 TkB at 
room temperature (20°C) in this simulation (Cocco et al., 2004). 
 
i
ssG  is the free energy of ssDNA relative to that of B-DNA.  It is related to the 
melting of base pairs and dependent on the temperature, ionic strength and DNA 
sequence. issG can be given by ( ) 4.184/c/0.15log0.565 0 ⋅⋅⋅+= TGG ississ  
( )23106.022045× ,  where 0issG  is the free energy of ssDNA relative to that of B-DNA 
in 150 mM NaCl, 10 mM Tris (pH=8), 1 mM EDTA buffer solution at a certain 
temperature (SantaLucia et al., 2004).  Cocco et al. (2004) derived 0issG  directly from 
the experimental data for unzipping single DNA molecule.  Their research shows that 
0i
ssG  is equivalent to the unzipping free energy (2.5 TkB ) for a random λ-DNA in 150 
mM NaCl, 10 mM Tris (pH=8), 1 mM EDTA buffer solution at room temperature 
(20°C).  Therefore, 0issG  is set as 2.5 TkB in this simulation. 
 
For real DNA molecules, there may be more than one nick on a single strand and its 
position is random.  In this study, the simplest case is considered, i.e. there is only one 
nick located on the first segment of strand.  The last term of Eq. (6.4) makes the 
unpeeling of single strand occurs only from the nick on the first base pair ( i =1). 
 
The transfer matrix related to the conformation transitions of DNA can be expressed by 
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Boltzmann factor TkG Be /− .  The transfer matrix for the i th base pair is written as a 
3×3 matrix 
( ) ( )[ ]
( )[ ] ( )[ ]









































































































.   (6.6) 
For the whole DNA molecule, the transfer matrix can be considered as a product of N  
3 × 3 matrices.  The average extension of a random λ-DNA molecule and the 
proportions of B-DNA, S-DNA and ssDNA for certain stretching forces in 1.82 mM, 
9.09 mM, 45.5 mM and 136 mM NaCl with 10 mM Tris (pH=8) and 1 mM EDTA 
buffer solutions (20°C) are calculated and compared with the experimental data.  
Because the stretching speed in this study is controlled very slowly, the molecule is 
assumed to have enough time to take equilibrium during stretching.  Therefore, the 
effect of stretching speed is not considered here. 
 
The numerical results with comparison of the corresponding experimental data are 
shown in Figure 6.6.  In each figure, the curves for B-DNA, S-DNA, single ssDNA 
and two-parallel ssDNA are given.  The curve before the first overstretching 
transition is consistent with B-DNA curve and the curve after the second 
overstretching transition is the same as single ssDNA curve.  The good agreement 
between the numerical results and experimental data suggests that the structure of 
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DNA can be described as a mixture of B-DNA, S-DNA and ssDNA between the two 
overstretching transitions. 
 
Figure 6.7 shows the change of proportions of B-DNA, S-DNA and ssDNA during 
transition.  Almost all the B-DNA segments transfer to S-DNA or ssDNA within a 
few-pN force during the first overstretching transition.  The proportions of S-DNA 
and ssDNA are greatly dependent on the ionic strength.  With the decrease of ionic 
strength, the proportion of S-DNA in the first overstretching transition decreases 
whereas the proportion of ssDNA increases.  At low ionic strengths, B-DNA tends to 
transform into ssDNA during the first overstretching transition.  Thus, the second 
overstretching transition is not obvious in this case.  On the contrary, at high ionic 
strengths, B-DNA tends to transform into S-DNA during the first overstretching 
transition and there is an apparent transition from S-DNA to ssDNA during the second 
overstretching transition.  The width of S-DNA in the proportion vs. force curve is 
larger in high salt solutions than that in lower ones, which suggests that the difference 
between the first and the second overstretching transition force is greater in high ionic 
strength solutions than in lower ones.   
 
As shown in Table 6.1, the persistence length and elastic stretch modulus determined 
by the three-state Ising-like model are consistent with the experimental data as 
determined in Chapter 4 (some data are from Table 4.1.).  Like B-DNA, the 
persistence length of S-DNA increases while the stretch modulus decreases when the 
ionic strength decreases.  It may imply that S-DNA is essentially a double-strand 
structure but with different stiffness from B-DNA.  At the same ionic strength, the 
persistence length of S-DNA ( SA ) is smaller than that of B-DNA ( BA ), whereas the 
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stretch modulus of S-DNA ( SS ) is considerably larger than that of B-DNA ( BS ).  
These results suggest that the stiffness of S-DNA is much higher than that of B-DNA.   
 
Table 6.1 Comparison of persistence length A  and stretch modulus S  for B-DNA 
and S-DNA between the data determined by the three-state model and those in Chapter 
4. 
 
Three-State Model  Data in Chapter 4 
Ionic Strength 
c (mM) 





   65       800     8.4     2400 
   55       930     8.2     2610 
   51       1100    8.0     2780 
   50       1200   6.5     2900    
   68± 2   745± 48 
   65± 3   800± 79 
   51± 2   909± 156
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Figure 6.6 Comparison between numerical results and experimental data.  The solid 
line shows the numerical results determined by the three-state model and the circle 
points are the experimental data for stretching DNA in (A)1.82 mM, (B) 9.09 mM, (C) 
45.5 mM and (D)136 mM NaCl with 10 mM Tris, 1 mM EDTA buffer at 37°C. 
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Figure 6.7 Proportions of B-DNA, S-DNA and ssDNA during stretching in (A) 1.82 
mM, (B) 9.09 mM, (C) 45.5 mM and (D) 136 mM NaCl with 10 mM Tris, 1 mM 
EDTA buffer solution at 37°C. 
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6.3 Numerical Study of Other Effects on the Second Overstretching Transition 
6.3.1 Kinetic Three-state Ising-like Model 
 
Experimental data given by Clausen-Schaumann et al. (2000) show that the second 
overstretching transition is nonequilibrium and exhibits a pronounced dependence of 
stretching speed.  This dependence may imply the existence of an energy barrier for 
the melting of base pairs or the unpeeling of singe strand.  The stretching speed for 
the second overstretching transition is related to how many base pairs are able to melt 
per second (Clausen-Schaumann et al., 2000).  Herein, the kinetic three-state 
Ising-like model of Cocco et al. (2004) is applied to study the effects of stretching 
speed and DNA sequence of poly(AT), poly(GC) and λ-DNA on the second 
overstretching transition.  The difference between this study and Cocco et al.’s study 
is that this study uses Monte Carlo methods to simulate the transition and this study 
applies the kinetic three-state Ising-like model to a part of λ-DNA.  
 
For one segment i , the transition rates for the melting of base pair (or the unpeeling of 
single strand) and reannealing can be set as k  and 'k , respectively.  According to 
the detailed balance principle, the relationship between k  and 'k  is  










ixixexp' ,                   (6.7) 
where ( )ix AG  and ( )ix BG  are the free energy of conformation iA and iB , 
respectively.  During the melting of base pairs and unpeeling of single strand, the 
stacking interactions between base pairs would be destroyed.  Because the stacking 
interactions are short-ranged, the transition rate k  is assumed to be independent on 
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the stretching force and set as a constant 0k .  Therefore, the transition rate for 
reannealing 'k  is equivalent to ( ) ( )[ ]{ }TkAGBGk Bixix /exp0 −− .  If 'kk > , the 
base pairs melt and single strand unpeels, whereas, when 'kk < , the reannealing 
occurs.  When 'kk = , the transition is equilibrium.   
 
It is assumed that there is no B-DNA structure in the molecule at the end of the first 
overstretching transition, i.e. the molecule is made of S-DNA and ssDNA structures.  
Therefore, the total extension is  
( ) ( ) ( )fxnNfnxX sss −+= ,                     (6.8) 
where n  is the number of melted or unpeeled segments, ( )fxss  and ( )fxs  are the 
extension per bp of ssDNA and S-DNA structure, respectively.  At the extension of 
X , the total free energy of DNA can be expressed by 








,                  (6.9) 
where ssw  and Sw  are the work done by the stretching force on ssDNA and S-DNA 
at the extension of X .  They can be determined by ( )∫= X dxxfw 0 , where ( )xf  is 
the inverse function of ( )fx . 
 
In Eq. (6.9), issG  can be determined by unzipping double helix of B-DNA into two 
separated ssDNA.  During the unzipping, the stacking interaction is the most 
important interaction which is destroyed.  Therefore, issG  approximately equals the 
free energy of stacking interaction g  for the unzipped DNA.  At an unzipping force 
unzipf , the free energy of stacking interaction g  satisfies the equation 
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( ) 02 =+ unzipssf fGg ,                        (6.10) 
where ssfG  is the free energy of ssDNA under stretching and determined by Eq. (6.5). 
Because the unzipping force is dependent on DNA sequence, ssfG  is different for 
various kinds of DNA.  Three kinds of DNA are studied here: homopolymer poly(GC) 
DNA with N = 500 bps, homopolymer poly(AT) DNA with N=1000 bps and λ-DNA 
segments from 25,001 bp to 26,000 bp in 150 mM NaCl with 10 mM Tris (pH=8) and 
1 mM EDTA buffer solution (20°C).  The unzipping force for poly(AT) and poly(GC) 
molecules in 150 mM NaCl buffer solution (20°C) is 9 pN and 20 pN, respectively 
(Rief et al., 1999).  According to Eq. (6.10), the free energies of stacking interaction 
are determined as GCg = 3.57 TkB  and ATg = 1.08 TkB .  Thus, 
i
ssG  is 3.57 TkB  
and 1.08 TkB  for poly(GC) and poly(AT), respectively.  Cocco et al. (2004) also 
derived that issG  is 2.5 TkB  for a random λ-DNA.   
 
Using Monte Carlo method, this kinetic three-state Ising-like model is applied to study 
the effects of stretching speed and DNA sequence on the second overstretching 
transition.  In the numerical simulation, the initial state of DNA is assumed as a 
perfect B-DNA with zero extension.  The molecule is then stretched at a constant 
velocity v .  The extension X  can be determined by tv .  For each time step δ t, 
X  is changed by a small value δv t and the total free energy is determined by Eq. 
(6.9). According to Eq. (6.7), the transition rates k  and 'k  are obtained.  In the 
time step δ t, the probability of melting a base pair is tkδ , while the probability of 
forming a new base pair is δ'k t.   
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6.3.2 Results and Discussion 
 
Due to the limitations of the optical tweezers used here, the experimental data from the  



























Figure 6.8 Effects of stretching speed on the force vs. extension relationship of 
homopolymer poly(GC) DNA with N = 500 bps.  The experimental data for 
stretching DNA at the stretching speed of 0.1 μm/s are reproduced from the work of 
Rief et al. (1999).  The solid lines represent the numerical results.  The dot lines are 
the stretching curves of B, S, and ssDNA.   
 
work of Rief et al. (1999) are used to study the effects of DNA sequence and stretching  
speed on the second overstretching transition.  Figure 6.8 shows the effects of 
stretching speed on the force vs. extension relationship for homopolymer poly(GC) 
DNA with 500 bps.  In equilibrium conditions, i.e. the stretching velocity is infinitely 
slow, S-DNA can unpeel to form ssDNA when f = 200 pN.  The second 
overstretching transition for this equilibrium case is of high cooperativity.  However, 
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in real experiments, the stretching speed is not very slow and the second overstretching 
transition is a kinetic process which is dependent on the stretching speed.  This 
kinetic transition of poly(GC) DNA is studied at the stretching speed of 0.1 μm/s and 
0.15 μm/s.  The results show that the second overstretching transition force at a 
certain stretching speed is not constant and of less cooperativity than that in the 
equilibrium case.  With the increase of stretching speed, the second overstretching 
transition force increases.  The possible reason is that the unpeeling and melting of 
S-DNA have no enough time to reach equilibrium when the stretching speed is high.  
It implies that the second overstretching transition will disappear if the stretching 
speed is high enough.  The results in Figure 6.8 also show that the second 
overstretching transition at different stretching speed is always between the curve of 
S-DNA and ssDNA.  It suggests that this transition is actually a DNA strand 
unpeeling or base pair melting process. 
 
Figure 6.9 shows the effects of stretching speed on the force vs. extension relationship 
for homopolymer poly(AT) DNA with 1000 bps.  Different from poly(GC) DNA, 
almost all the B-form poly(AT) DNA have transferred into ssDNA at the end of the 
first overstretching transition.  The reason is that issG  or the free energy of stacking 
interaction g  of poly(AT) DNA is much lower than that of poly(GC) DNA.  If 
poly(GC) DNA is stretched, the first overstretching transition force is not enough to 
overcome the barrier of GCg .  Therefore, in this transition B-DNA can transfer into 
S-DNA.  There is another overstretching transition in which the force is high enough 
to destroy all the energy barriers and unpeel S-DNA into ssDNA.  However, the 
energy barrier ATg  for poly(AT) DNA is very low and the first overstretching 
transition force can drive B-DNA into ssDNA directly.  In equilibrium conditions, the 
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transition occurred at 40 pN which is close to the experimental result of 35 pN.  The 
kinetic results for the stretching speed of 0.1 μm/s show that the transition force is just 
a little higher than the equilibrium transition force, which indicates that the transition  
 


























Figure 6.9 Dependence of stretching speed on the force vs. extension relationship of 
homopolymer poly(AT) DNA with N = 1000 bps.  The experimental data for 
stretching DNA at the stretching speed of 0.1 μm/s are reproduced from the work of 
Rief et al. (1999).  The solid lines represent the numerical results.  The dot lines are 
the stretching curves of B, S, and ssDNA.   
 
 
of poly(AT) DNA under stretching is nearly an equilibrium process.  It results from 
the direct transition from B-DNA to ssDNA.  Because ssDNA is much longer than 
B-DNA, at the low stretching speed of 0.1 μm/s, there is enough time to unpeel 
poly(AT) DNA to ssDNA.   
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The kinetic three-state Ising-like model can also be used to study the dependence of 
stretching speed on the second overstretching transition for other DNA sequences such 
as λ-DNA.  issG  can be determined by the stacking free energy of the neighboring 
base pairs of DNA shown in the second column of Table 6.2 if the change of heat 
capacity pCΔ  is assumed to be zero.  However, the effect of pCΔ  cannot be 
neglected.  According to the unzipping experiment by Rief et al. (1999), the free 
energy of poly(GC) and poly(AT) has been determined as GCg = 3.57 TkB  and ATg = 
1.08 TkB .  Whereas, the average stacking free energy of GC/CG (CG/GC) and AT/TA 
(TA/AT) in Table 6.2 is higher than the values determined by unzipping experiment at 
the same ambient condition.  This difference is mainly due to the negligence of the 
effect of pCΔ .  Therefore, the data in Table 6.2 are all scaled in order to ensure 
GCg = 3.57 TkB  and ATg = 1.08 TkB .  The scaled data are listed in the third column 
of the table.   
 
The dependence of stretching speed on the force vs. extension relationship for a part of 
λ-DNA is shown in Figure 6.10.  To be consistent with the experiments of Rief et al. 
(1999), an AT-rich part of λ-DNA is studied herein.  This part of DNA is from 25,001 
bp to 26000 bp, with 64% AT bps.  At equilibrium conditions, the transition force is 
57 pN.  During this transition, B-DNA directly transfers into ssDNA and there is no 
S-DNA.  This may also come from the low issG  for AT-rich DNA.  There are two 
overstretching transitions at the stretching speeds of 0.2 and 0.3 μm/s.  The first 
transition is the B-S transition at the force of 67 pN.  The second overstretching 
transition is just following the B-S transition.  S-DNA fully transfers into ssDNA at 
forces of 200 pN and 400 pN for 0.2 and 0.3 μm/s, respectively.  This result suggests 




Table 6.2 Stacking free energy of the neighboring base pairs of DNA in 150 mM NaCl 
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that the second overstretching force ends at higher force for higher stretching speed.   
 
Figure 6.10 also shows the force vs. extension curve for the relaxation process of DNA 
at the speed of -0.1 um/s.  This relaxation starts from a completely unpeeled or melted 
DNA at the force of 400 pN.  At first, the relaxation process follows the curve of 
ssDNA under stretching.  It transfers to B-DNA when the forces are lower than 57 pN.  
As shown in the inserted figure, at the same extension, there are more ssDNA 
segments in the relaxation process than that in the stretching process.  Due to the high 
percentage of ssDNA in the relaxation process, the relaxation curve is much more 
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In this chapter, the ionic effects of sodium salt solutions on the second overstretching 
transition of DNA are studied experimentally using optical tweezers.  This 
experiment shows that the second overstretching transition force increases with the 
increase of ionic strength.  The second overstretching transition force is less 
pronounced at low ionic strengths than at higher ones.  The experimental results are 
consistent with the “force-salt phase diagram” predicted by Cocco et al. (2004).  The 
three-state Ising-like model of Cocco et al. (2004) is adopted to study the ionic effects 
on the second overstretching transition of DNA.  In this model, each base pair of 
DNA is assumed to take one of the three states, which are B-DNA, S-DNA and ssDNA.  
The persistence lengths and stretch moduli of B-DNA and S-DNA are calculated.  
The results show that at the same ionic strength, the persistence length of S-DNA is 
smaller than that of B-DNA, whereas the stretch modulus of S-DNA is considerably 
larger than that of B-DNA, i.e. the stiffness of S-DNA is much higher than that of 
B-DNA.  The kinetic three-state Ising-like model is applied to study the effects of 
stretching speed and DNA sequence of poly(AT), poly(GC) and λ-DNA on the second 
overstretching transition.  The numerical results can generally agree well with the 
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Figure 6.10 Dependence of stretching speed on the force vs. extension relationship of a 
part of λ-DNA from 25,001 bp to 26,000 bp.  The experimental data for stretching 
DNA at the stretching speed of 0.1 μm/s are reproduced from the work of Rief et al. 
(1999).  The dot lines are the stretching curves of B-DNA, S-DNA and ssDNA.  The 
inserted figure shows the percentage of ssDNA as the function of extension per base 













CONCLUSIONS AND RECOMMENDATIONS 
 
In this chapter, the main contributions of this research are summarized, which focus on 
the elastic properties, the first overstretching transition and the second overstretching 
transition of single λ-DNA molecules.  Some recommendations for the future work 
are also presented. 
 
7.1 Summary of Findings and Contributions 
7.1.1 Studies on Elastic Properties of DNA 
 
In the first part of this research, the elastic properties of single DNA molecules are 
achieved by curve fitting of the experimental data with the extensible worm-like chain 
model.  The results show that the persistence length varies inversely with sodium or 
magnesium ionic strength, whereas the elastic stretch modulus changes in the same 
trend for sodium or magnesium ionic strength.  The results for sodium salt solutions 
are essentially in agreement with those of Wenner et al. (2002).  The results also show 
that magnesium cations have much stronger effects on both the persistence length and 
the elastic stretch modulus than sodium cations.  This may be attributed to the central 
concentration distribution of magnesium charges which reduce the electrostatic 
repulsion on DNA strands more efficiently than the linear distribution of sodium 
charges.   
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The ionic effects on the persistence lengths of DNA are also investigated by the 
Odijk-Skolnick-Fixman (OSF) theory and elastic moduli renormalization model 
proposed by Podgornik et al. (2000).  The results obtained from these two theories are 
consistent with those from the extensible worm-like chain model.  The effective 
lengths per unit charge of DNA under different ionic strengths are given by the elastic 
moduli renormalization model.  It shows that the effective length per unit charge 
increases with the decrease of ionic strength.  The results are consistent with the 
Manning and Poisson-Boltzmann theories for thin polyelectrolyte rods. 
 
7.1.2 Studies on the First Overstretching Transition of DNA 
 
The second part of this research focuses on the ionic effects on the first overstretching 
transition of single λ-DNA molecules.  The results indicates that the first 
overstretching transition force increases when the sodium or magnesium ionic strength 
increases.  The first overstretching transition force is linearly related to the natural 
logarithm of ionic strength.  This force is sensitive to the changes of salt solutions 
with low ionic strength.  Magnesium cations seem to have much greater effect on the 
first overstretching transition than sodium cations at the same ionic strength.  A 
three-dimensional model, namely the modified ZZO model, is presented to simulate 
the behavior of the first overstretching transition under different sodium and 
magnesium salt solutions.  In this model, the steric effect of DNA double helix 
structure, base stacking interactions and electrostatic interactions between DNA 
negative charges and cations in the solution are considered.  The main contribution of 
this model is that the electrostatic energy is explicitly given as a function of folding 
angle and ionic strength.  This model also introduces a new parameter to account for 
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the cooperativity of base-stacking interactions.  Analytical method presented by Zhou 
et al. (2000a, b) and Metropolis Monte Carlo method are applied to study the modified 
ZZO model.  The results obtained from these two methods are both consistent with 
the experimental data carried out by optical tweezers in this research. 
 
7.1.3 Studies on the Second Overstretching Transition of DNA 
 
In the third part of this research, the experimental results show that when the stretching 
force increases further after the first overstretching transition, the second 
overstretching transition may occur.  Similar to the first overstretching transition 
force, the second overstretching transition force increases when the ionic strength 
increases.  The variation of transition force can be explained by the change of 
electrostatic repulsion between negative charges on DNA strands.  The second 
overstretching transition is indistinct when ionic strengths are very low, such as 1.82 
mM and 9.09 mM NaCl solutions.  The possible reason is that DNA may be 
destabilized by low salt solutions.  Most of the B-DNA segments may have been 
directly unpeeled or melted into ssDNA during the first overstretching transition.  
Thus, few S-DNA segments will transfer to ssDNA in the second overstretching 
transition.  The experimental results are consistent with the “force-salt phase 
diagram” predicted by Cocco et al. (2004).   
 
Following Cocco et al. (2004), the three-state Ising-like model is used to investigate 
ionic effects on the overstretching transitions of DNA.  In this model, each base pair 
of DNA is assumed to take one of the three states, which are B-DNA, S-DNA and 
ssDNA. According to transfer matrix method, the ionic effects on the overstretching 
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transitions are investigated using this model.  The proportions of B-DNA, S-DNA and 
ssDNA during this transition are also given, which indicates that the proportion of 
B-DNA transferring to S-DNA or ssDNA is distinctly related to the shape of the 
second overstretching transition.  Furthermore, the kinetic three-state Ising-like model 
of Cocco et al. (2004) are applied to investigate the effects of DNA sequences and 
stretching speeds on the second overstretching transition.  Three sequences of DNA, 
poly(AT), poly(GC) and λ-DNA, are studied at the stretching speeds from 0.1 μm/s to 
0.3 μm/s.  The numerical results are consistent with the experimental data reported by 
Rief et al. (1999).  The results show that the second overstretching transition force 
increases with the increase of stretching speed.  The second overstretching transition 
force is less pronounced for AT-rich DNA than that for GC-rich DNA.  
 
7.2 Future work 
 
There are several interesting directions for future work:   
1. Exploration of S-DNA structure.  Although many assumptions of S-DNA 
structure have been proposed, the real structure of S-DNA is still unknown.  It 
is still a challenge to develop new methods to probe the high resolution 
structure of S-DNA during manipulations.     
2. Mechanical properties of DNA during relaxation process.  This thesis only 
focuses on the elastic and nonlinear elastic properties of DNA under stretching.  
Some experiments have shown that there is hysteresis for the DNA relaxation 
curve (Smith et al., 1996; Wenner et al., 2002; Williams et al., 2001 and 2002; 
Rief et al., 1999).  The studies of DNA relaxation would be helpful to further 
understand the S-DNA structure and the biological functions of DNA. 
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3. DNA & protein interactions.  In the physiological conditions, DNA always 
interacts with some kinds of proteins so as to fulfill the biological functions.  
During these interactions, DNA molecules may be highly bent, stretched or 
twisted.  Although a lot of research has been performed on the single-DNA 
studies of protein-DNA interactions, the mechanical properties of DNA 
interacted with different kinds of proteins under different surrounding 
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